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ABSTRACT 
 
Resin injection pultrusion is a cost-effective continuous manufacturing process to 
produce composites of constant cross-section.  In this process, fiber reinforcements are 
continuously pulled through the injection chamber where liquid resin is injected to cause 
complete wetout of the fibers before exit.  The fiber-resin combination obtained from the 
injection chamber is then cured to obtain the desired pultruded composite.  There are various 
processing and geometric parameters affecting the wetout process.  The main objective of this 
study is to present a numerical model to simulate the resin flow through the fiber reinforcement 
when compaction of the fibers is also taken into account.  This study basically focuses on 
defining the wetout criteria for a particular set of processing parameters.  It also presents the 
impact of the changes in these processing parameters on the compaction phenomenon as well as 
the wetout process.  The processing parameters modeled in this study are resin viscosity and 
fiber volume fraction.  The effects of independent changes in both these parameters are 
simulated in this study and a favorable set of working parameters are predicted based on the 
simulated results.  All the results have been presented for non-tapered injection chamber case.   
Since compaction has also been considered into this simulation, the results presented here 
are more realistic as compared to the previous works done without considering fiber compaction.  
Therefore, this study is helpful in explaining the coupling effects of fiber compaction with other 
processing parameters on the wetout process in the resin injection pultrusion manufacturing of 
composite materials.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Composite Materials 
Composite materials are engineered or naturally occurring materials formed by the 
combination of two or more types of heterogeneous constituents which retain their properties 
even when they merge completely and act in a combination.  Composite materials offer better 
mechanical and chemical properties and have many advantages over the individual constituents 
of the composites.  
The constituent materials used in composites are known as the matrix and the 
reinforcement.  The matrix surrounds and supports the reinforcement material and together they 
give the combined material the desired special properties.  Composite materials are widely used 
for a variety of purposes.  The new materials and possibilities of their usage are only limited by 
the imagination of researchers.  The major advantages of composite materials are high strength, 
light weight and durability.  Based on the constituent materials, their proportion and the 
manufacturing process, the manufacturers can control the properties of the composites as per the 
requirement.  
There are various methods for manufacturing composite materials.  Some of them are 
open moulding, vaccum bag moulding, pressure bag moulding, autoclave moulding, resin 
transfer moulding (RTM), press moulding, transfer moulding, pultrusion, filament winding, 
casting, centrifugal casting and continuous casting.  Since this report focuses on the pultrusion 
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manufacturing and various phenomena occurring during the process, pultrusion will be discussed 
further in this chapter. 
1.2 Pultrusion Manufacturing Process 
Pultrusion is a continuous manufacturing process for producing high quality composites 
with constant cross sectional area.  The word pultrusion comes from the word “pull” and 
“extrusion”.  Therefore, the pultrusion process involves pulling of the reinforcement fibers 
through a resin into a heated die where the resin undergoes curing.  The whole process should be 
monitored and controlled carefully for yielding high quality product.  The pulling process and 
resin impregnation into the fiber should be controlled carefully to obtain complete wet out.  
Similarly, the temperature of the die and the cooling rate has to be controlled for proper curing. 
The pultrusion process (see Figs. 1-1 and 1-2) starts with a creel holding the rolls of 
reinforcement fibers.  The most common reinforcement used is fiberglass, but carbon, aramid or 
some mixture are also often used as reinforcements.  The fiber reinforcement is pulled and 
guided into a resin bath or impregnation system.  Typical resins employed are polyster, 
polyurethane, vinylester or epoxy.  The resin can be combined with filler, catalysts or pigments 
as per the requirement.  After the resin rich fiber exits the resin impregnation system, a series of 
tooling (preforming) processes are done to get the composite into proper shape.  The excess resin 
is squeezed out leaving only a limited excess at the die entrance.  The resin impregnated fiber is 
then guided into a heated die where curing takes place.  The fully cured pultruted product is cut 
into the desired length by a cutting mechanism.  
There are two common methods to achieve complete fiber reinforcement wet out in a 
pultrusion process, namely, open bath process (Fig. 1-1) [1] and resin injection process (Fig. 1-2) 
[1].  In the open bath process, the fibers are pulled through a wetout tank; whereas, in the resin 
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Fig. 1-1. Schematic of Open Bath Pultrusion [3]. 
 
 
 
Fig. 1-2. Schematic of Resin Injection Pultrusion [3]. 
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injection pultrusion process, the fibers are pulled through an injection chamber where the resin is 
injected under pressure in order to achieve fiber wetout.  The resin injection process is 
advantageous from many points of view compared to the open bath process. 
 
1.3 Previous Works 
Various research works have been conducted in past which mostly focused on the effects 
of different models and changes in the processing parameters for the resin injection pultrusion 
process.  A number of numerical models have been developed to simulate and understand the 
resin flow and various phenomenons occurring during the pultrusion process.  Brief accounts of 
these works are summarized in Table 1-1. 
A 2-D and 3-D finite element nodal volume method simulation was developed by Liu [2].  
He employed various models and processing parameters and investigated their effect in the 
pultrusion process.  He suggested that a good flow pattern can be achieved by either using 
variable flow rate injection or constant pressure injection.  He also suggested that, to better 
realize the resin flow for thick parts, a 3-D model should be used.  Lui [3] also developed 
transient and iterative finite volume models to simulate the steady-state flow front for various 
pultrusion processes, materials and processing parameters.  
Lee et. al. [4] developed a 2-D finite element model for flow simulation in pultrusion 
manufacturing of fiberglass-vinyl ester composites.  The material parameters were obtained 
experimentally.  Since it was a 2-D model, it did not consider any resin flow in lateral directions.  
Also, it did not account for any variation in material properties or taper in the injection chamber. 
Kommu, Khommani and Kardo [5] at Washington University developed a finite element/ 
control volume (FE/CV) and finite difference techniques to simulate  resin  flow  and  curing  
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Table 1-1. Summary Comparison of Present Work with Previous Works.  
         Researchers   
 
 Features 
[2, 3] [4] [5] [6] [7, 8] [10] [1] [11] [12] [13] [14] 
(Present 
Work) 
Model 3D 2D 2D/3D 2D 3D 2D 3D 3D 3D 3D 3D 3D 
Numerical Method FE/NV FE/CE FE/CV FE/CV FE/CV FVM FVM FVM FVM FVM FVM FVM 
Permeability Models No No Yes Yes No Yes Yes Yes Yes Yes Yes Yes 
Fiber Volume Fraction No No No No No Yes Yes  Yes  Yes  Yes Yes Yes 
Resin Viscosity No No No No No Yes Yes  Yes Yes Yes Yes Yes 
Fiber Pull Speed 
Variation 
No No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
Taper Allowed in 
Injection Chamber 
No No Yes No Yes Yes Yes Yes Yes Yes Yes No 
Fiber Compaction 
Modeling 
No No No No No No No No No No No Yes 
 
5
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process.  The Galerkin FE/CV technique was used to solve the momentum and continuity 
equations in 2D coordinates.  Similarly, for the energy and chemical species balance equations, 
streamline-upwind Petrov-Galerkin (SUPG) or streamlined-upwind (SU) FE/CV was used to 
discretize the equation in 2-D, then the finite difference method was used for solution in the third 
dimension.  The effects of various processing parameters were also accounted in this model. 
A 2-D mathematical model was developed by Voorrakranam, Joseph and Kardos [6] to 
simulate resin flow, curing and heat transfer in the pultrusion process.  The effect of various 
processing parameters in the quality of the product was predicted.  The model focused on the 
product quality control and maximizing production rates.  The research concluded that good 
quality void free products can be produced by appropriate choice of injection pressure and heated 
die temperature profile. 
Srinivasagupta et. al. [7, 8] used a validated 3-D dynamic processing model and 
developed an integrated procedure for model based design.  The design incorporated economic, 
controllability, environmental and quality objectives.  A multi-objective optimization algorithm 
was developed to determine improved equipment specifications and processing parameters.  The 
research served as an initiation for the integration of design and complex multiphase process 
control using a single dynamic physical model.  They also examined the operational 
characteristics of the injection pultrusion process.  They validated their research model using 
experimental data from a bench scale pultrusion unit with the primary measurement of 
temperature, pressure profile and curing, and secondary measurement of pull force and part exit 
temperature.  Further, they were able to establish a relationship between these primary and 
secondary measurements.  
Mustafa, Khomani and Kardos [9] developed a 3-D flow simulation model to investigate 
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the effects of fiber pull speed, reinforcement anisotropy, and die taper angle on the quality the 
product for the resin injection pultrusion process.  The model was developed by integrating a 
simple pulling force model with simulation model.  The model could be used to design die 
geometry and to improve the operation process for a given product.  However, the taper 
calculation did not account for the source term in the pressure equation although it plays a vital 
role in determining the correct injection pressure. 
Rahatekar and Roux [10] developed a 2-D finite volume model to simulate the resin 
pressure, velocity field and moving flow front locations.  They recommended that a tapered 
injection chamber will cause an increase in resin pressure and help to achieve better wetout of 
the fibers.  Since it was a 2-D model, it only considered slot injection ports, and the optimization 
of these slot locations was also not taken into account.  
Later, Jeswani and Roux [1] developed a 3-D finite volume technique to simulate the 
resin flow through the fiber reinforcement in the injection pultrusion process.  The model was 
developed for E-glass roving and it was used to predict the impact of the various geometric and 
processing parameters on the wetout, pressure field, resin velocity field and the movement of the 
flow front.  They also researched the impact of tapering the walls of the injection chamber on 
minimum injection pressure required to achieve complete wetout.  Two different injection 
chamber configurations were studied in this research work; namely, attached-die configuration 
and detached-die configuration. 
Further, Ranga and Roux [11] used similar 3-D finite volume technique for the attached-
die configuration to simulate the effects of tapering the walls of the injection chamber on 
minimum injection pressure to achieve complete wetout while varying injection chamber length 
and processing parameter.  Their research work concluded that, high compression ratios and 
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short injection chamber lengths are favorable to achieve complete wetout at a reasonable resin 
injection pressures and chamber interior pressures for high pull speed, high resin viscosity and 
high fiber volume fraction. 
Miltapalli and Roux [12] further investigated with the previous model to determine the 
impact of the injection chamber taper length on wetout, resin injection pressure, exit pressure and 
location of the flow front.  Different geometric design parameters for location of the injection 
slots, injection slot width, and thickness of the composite were explored.  The research basically 
focused on finding the tapered injection chamber length for which the overall pultrusion process 
was most efficient and effective. 
Palikhel and Roux [13] investigated with the same model in the detached-die 
configuration.  They predicted the resin injection pressure needed to achieve the complete 
wetout, corresponding maximum pressure inside the chamber and movement of the flow front 
with varying injection chamber length.  Various processing parameters changes and their effects 
on the wetout were investigated.  Later, Ranjit and Roux [14] further worked on investigating the 
effects of the change in geometric parameters in achieving complete wetout for both attached and 
detached-die configuration. In both works [13, 14], it was found that the detatched-die 
configuration yielded the better pressure operating conditions for successful pultrusion 
manufacturing. 
 
1.3.1 Previous Works on Compaction 
Gutowski et. al [15, 16, 17] developed a mathematical model which allowed 3-D flow 
and 1-D consolidation of the composites.  The model assumed that fibers form a deformable, 
non-linear elastic network.  The resin flow was modeled using Darcy‟s Law for anisotropic 
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porous medium, with a time varying viscosity.  Experiments were conducted on special prepregs 
made of aligned graphite fibers and constant viscosity oils.  These experiments were basically 
focused on fiber deformation, axial permeability, and resin pressure.  The results showed that the 
fibers carry a finite load at typical fiber volume fraction for advanced composites.  They also 
focused that the axial permeability of the fibers can be modeled by Carman-Kozeny Theory and 
that their resin flow/ deformation theory can be used to model the resin pressure history. 
Gibson et. al. [18] investigated compaction of the fiber reinforcement in resin transfer 
moulding.  They experimented on the effects of the compaction pressure on the fiber volume 
fraction and presented data for various fibers used.  The experimental data were fitted to a 
mathematical model for the fiber compaction which had linear behavior at low pressure and non-
linear behavior at high pressure.  This model was further used to predict the average fiber 
volume fractions of the various other combinations of the reinforcements.  It was observed that 
the fibers displayed synergistic compaction at the pressures below 50 psi. 
Ding et. al. [19] presented the results of modeling, numerical simulation, and 
experimental study of the resin flow and heat transfer in the resin injection pultrusion process.  A 
control volume/ finite element method (CV/ FEM) was employed to solve the resin flow 
governing equations, together with the heat transfer and chemical reaction models.   They also 
experimented on the material characterization and presented data on compressibility/compaction 
and permeability of fiber reinforcement as it passes through an injection die with a small taper 
angle.  The experimental compaction data showed close consistency with the Gutowski‟s 
compaction model. 
Kim et. al. [20, 21] presented an experimental and analytical investigation of response of 
various dry reinforcement materials subjected to the compressive forces applied normal to their 
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principle plane.  Based on the data, they proposed a model to predict the compressibility 
variation of the fiber reinforcement as it moves through the tapered portion of the injection die. 
Xin et. al. [22] researched on the effects of the bleeder schemes on the resin flow and 
fiber compaction of tapered composite laminates during the autoclave processing.  They studied 
various factors affecting the distribution of the fiber content and demonstrated that an on-line 
resin pressure measuring system can provide important information to investigate resin flow and 
fiber compaction for composite parts with different thickness regions.  
 
1.4 Present Work 
The main objective of the present work is to investigate the compaction phenomenon in 
fiber reinforcement that occurs during the resin injection process in injection pultrusion.  The 
fibers become compacted due to resin injection pressure which decreases the permeability of the 
fiber matrix affecting the wetout process.  This research focuses on the effects of the compaction 
in the wetout achievement, maximum pressure inside the injection chamber, flow front location 
and chamber interior pressure.  To simulate and understand the resin flow and compaction during 
the process, a 3-D numerical model has been utilized.  To further investigate the velocity profile 
fields, a separate „Matlab‟ program has been used.  The research is basically focused on the non-
tapered die configuration.  Various processing parameters such as pull speed, injection pressure, 
fiber volume fraction, and resin viscosity are taken into account for the simulation.  Since 
compaction is a practical phenomenon affecting the pultrusion process, this model yields more 
realistic results and will prove beneficial in bringing forward more effective and efficient designs 
in pultrusion manufacturing.   
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The aforesaid 3-D numerical model has been developed based on various numerical 
formulations, laws and models.  Darcy‟s law has been utilized to simulate to resin flow through 
fiber matrix. Krozeny-Carmen model, Gebart‟s model and Gutowski‟s model has been used to 
predict the permeability of the fibers.  The pressure equation obtained from Darcy‟s law and 
continuity equation is descretized to calculate pressure fields using the line-by-line TDMA 
(Tridiagonal matrix algorithm) technique.  The velocity fields are calculated using finite 
differentiation technique of Darcy‟s equation.  To account for the compaction, the model uses a 
relation derived from a curve fit to an experimental compaction data contained in Ref. [18].  The 
derived equation is user friendly and the data generated from it shows very close consistency 
with the Gutwoski‟s compaction model as well as the real experimental data. 
Very few research works has been done in the compaction of the fiber reinforcements in 
composite manufacturing.  The pultrusion research works from Ref [1-14] have not taken any 
compaction phenomenon into account.  The compaction studies [15-22] mentioned in the 
„previous work‟ section of this report are basically focused on the compaction of fibers caused 
due to compressive forces as the fibers passes through the tapered die.  None of them have 
investigated the compaction of the fiber reinforcement due to the resin injection pressure in 
pultrusion manufacturing.  The present work will not only present the effects of resin injection 
pressure on fiber compaction, but also how it is affected by the pull speed and resin viscosity in 
the resin injection pultrusion process.  
Compaction being a real and practical phenomenon during the pultrusion process, this 
research will definitely help to bring forward some interesting and important results.   The 
related physical description of this work will be discussed further in Chapter 2. 
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CHAPTER 2 
STATEMENT OF PROBLEM 
 
2.1 Definition of Problem 
 The purpose of this research work is to investigate the impact of fiber compaction due to 
the resin injection pressure in the complete wetout achievement in the injection pultrusion 
process.  Wetout is a very important process in injection pultrusion as it determines the quality of 
the composite.  The wetout process is affected by various factors such as processing parameters, 
geometric parameters as well as some accompanied phenomenon like compaction in the fiber 
reinforcement due to the resin injection pressure.  Previous research in injection pultrusion have 
demonstrated that good wetout can be achieved by carefully selecting the proper design 
parameters such as size and taper of the resin injection chamber, location and number of 
injection ports, magnitude of injection pressure and fiber pull speed.  However, fiber compaction 
to some degree inevitably occurs in the pultrusion process which has not been considered by 
previous researchers [1-14].   
Injection pultrusion research has been carried out in two different injection chamber 
configurations, namely, tapered and non-tapered injection chamber.  When the fibers pass 
through the tapered injection chamber, the fiber/resin system is compressed towards the center 
increasing the fiber volume fraction and decreasing the permeability along the axial direction 
(Fig.  2-1).  This will affect the flow and the pressure fields of the liquid resin.  Further, when 
fiber compaction due to the resin injection pressure is also  considered, the  fibers  are  further   
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Fig. 2-1. Change in Fiber Volume Fraction in Tapered Injection Chamber with No 
Compaction. 
 
 
 
 
Fig. 2-2. Compaction of Fibers Due to Resin Injection Pressure in Tapered Injection 
Chamber. 
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Compaction in Fibers 
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pushed towards the center which renders the fibers even more difficult for resin penetration (Fig.  
2-2).  When the injection chamber is straight (non-tapered), there is no effect in fiber volume 
fraction due to chamber geometry (Fig.  2-3); however, the compaction due to resin injection 
pressure will still occur which will locally affect the fiber volume and permeability of the fibers 
along the transverse direction (Fig.  2-4).   
Figures 2-3 and 2-4 depict an exaggerated perspective of the fibers orientation due to 
compaction.  It illustrates how the fiber compaction is localized in the vicinity of the resin 
injection slot.  If the resin pressure is high enough, it is possible to have the fibers squeezed to 
such an extent that the permeability of the fibers becomes essentially zero in the transverse 
direction and the resin penetration becomes almost impossible.  The excessive squeezing of the 
fibers might also cause a very low fiber volume distribution or even a fiber void region in the 
immediate upstream and downstream regions of the injection slot such that the resin can easily 
flow backwards or even exude out from the front of the injection chamber.  This will adversely 
affect the wet out achievement.  The present work will address these problems and demonstrate 
on how favorable result can be obtained for a given set of processing parameters. 
 
2.2 Description of the Injection Chamber 
Figure 2-5 illustrates the geometry of the injection chamber.  For the tapered injection 
chamber, Region I is the tapered portion and the Region II is the non-tapered portion; whereas in 
non-tapered injection chamber geometry, the cross-section remains continuously uniform 
throughout Region I and Region II.  The injection slots are placed on the top and bottom walls of 
the injection chamber in Region I; a pump is utilized to inject the resin under pressure through 
the slots.  As the dry fibers enter the injection chamber in Region I, the resin is impregnated into   
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Fig. 2-3. Fibers Distribution in Non-Tapered Injection Chamber with No Compaction. 
 
 
 
 
 
Fig. 2-4. Compaction of Fibers Due to Resin Injection Pressure in Non-Tapered Injection 
Chamber. 
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Fig. 2-5. Physical Description of the Injection Chamber (Non-Tapered Geometry). 
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the fibers which causes compaction in the fiber reinforcement matrix and thus locally increasing 
the fiber volume fraction and decreasing the permeability along the transverse direction of the 
fibers; this makes it more difficult for the resin to flow through the compacted fiber and achieve 
complete wetout.  In the present work, the non-tapered geometry is employed to study the effects 
of the compaction in wetout and the resin flow front for different processing parameters. 
 
2.3 Computational Domain 
 The schematic diagram of the computational domain for the numerical model of the 
injection chamber is illustrated in Fig.  2-6.  As per the geometry, the computational domain is 
also divided into two Regions, Region I and Region II; however, the cross-section area remains 
the same throughout the axial distance of the injection chamber, i.e.  the compression ratio (CR) 
is equal to 1.  The total length of the chamber is denoted as LT and taken as 0.30 m.  LIC and LD 
represent the lengths of Region I and Region II of the injection chamber and their length are 
taken to be 0.25 m and 0.05 m respectively.  The height and the width of the injection chamber 
are represented as HD and WD which also corresponds to the size of the final pultruded product. 
 
2.4 Capabilities of Numerical Model 
 The numerical model used in this work employs the finite volume technique to calculate 
the pressure and flow fields throughout the chamber and thus predict the resin flow front 
location.  To simulate the resin flow through the fibers, Darcy‟s law of flow through porous 
media has been utilized.  The Darcy momentum equations are substituted into the continuity 
equation to deduce the governing pressure partial differential equations.  The pressure boundary 
conditions are derived from the velocity boundary conditions.  Further, the TDMA (Tri-Diagonal  
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(a) In xy-Plane (Side View) 
 
 
 
 
 
 
 
 
 
 
(b) In xz-Plane (Top View) 
Fig.  2-6.  Schematic of the Computational Domain for Slot Injection Non-Tapered 
Chamber (Not to Scale) [1]. 
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Matrix Algorithm) technique is employed to solve the pressure and velocity fields throughout the 
computational domain.  Due to the symmetry of the computational domain in horizontal and 
vertical planes, only a quarter domain is modeled which considerably reduces the storage and 
runtime. 
The features/ capabilities of the numerical model are as follows: 
 Fiber/resin system: glass or carbon fibers/polyester and epoxy resin 
 Permeability models: Kozeny-Carman‟s model, Gebart‟s model and Gutowski‟s model. 
 Different processing parameters: fiber pull speed, resin injection pressure, maximum 
pressure, fiber volume fraction, resin viscosity. 
 Injection chamber geometry: non-tapered (uniform cross-section). 
 Type of resin injection: slot injection. 
 Compaction Model: utilizes a curve fit equation to the experimental data in Ref [18]. 
The numerical model is programmed in FORTRAN and an additional program to 
generate the data for velocity fields is programmed in MATLAB R2011.  The MATLAB 
program utilizes the output files from the FORTRAN program as the input.  The program is 
executed on a personal computer (Dell Optiplex 990, Intel i7-3.4 GHz processor, 4 GB RAM, 
32-Bit Windows-XP OS).  The program is structured in such a way that it utilizes low computer 
storage and processing.  The program has provision of user input for different design and process 
parameters to investigate their effect on the resin flow front.  The different permeability models 
can be selected to model the flow of the resin through the matrix.  The output of the program is 
saved in individual data files which can be visualized using plotting routines or some other plot 
software.  Transient sequences can also be generated to visualize the movement of the resin flow 
20 
 
front at different time instances and the total simulated time to reach the steady state is also 
calculated. 
 This chapter discussed the statement of problem, the physical description of the chamber, 
the computational domain, and the capabilities of the model.  The next chapter will present a 
detailed mathematical description of the governing equations and the solution algorithms of the 
model. 
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CHAPTER 3 
ANALYSIS 
 
In this study, a 3-D finite volume technique is employed to model the resin flow through 
the fiber reinforcement in the resin injection pultrusion process.  This chapter covers all the 
details of the governing equations, permeability models, boundary conditions, solution methods, 
discretization equations, and the related algorithms.   
 
3.1  Assumptions 
 The assumptions made in this study for mathematical modeling of the injection pultrusion 
process are as follows: 
 The numerical model is developed in a 3-D cartesian coordinate system.   
 The resin is an incompressible fluid.   
 Darcy‟s law [24] of liquid flow through a porous medium is used to simulate the flow of 
resin through the fiber reinforcement.   
 The resin flow is essentially isothermal; therefore the resin viscosity remains constant.   
 The cross-section of the injection chamber remains constant throughout Region I and Region 
II.  Therefore, the fiber volume fraction does not change in the x-direction due to injection 
chamber geometry.   
 The Gutowski permeability model is employed to compute the permeability components in 
the longitudinal and transverse directions of the fiber rovings. 
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 The pressure at the inlet of the injection chamber is assumed to be atmospheric pressure 
(101.325 KPa).   
3.2 Mathematical Model 
 In this study, Darcy‟s Law [24] for flow through a porous medium has been utilized to 
simulate the resin flow through the fiber matrix.   
 
3.2.1 Governing Equations  
The continuity equation for the resin flow through the fiber reinforcement is given by 
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The total velocity of resin movement u referenced to a stationary coordinate system is 
defined as 
u  Twvu                                                 (3-2) 
where u, v and w are the three components of the resin velocity vector in the three coordinate 
directions.  These velocities can be represented by the Darcy‟s momentum equations in x, y and 
z directions as 
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Here,   is the porosity, U is the velocity (pull speed) of the fiber reinforcement in the 
longitudinal direction, P is resin pressure,
x
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- 22
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, 
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- 33
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 are the velocity 
components of resin relative to the reinforcement.  K11, K22, K33 are the components of 
permeability in the x, y, and z directions, respectively, and μ  is the viscosity of the liquid resin.  
Using Eqs. (3-3), the total resin velocity can be represented as 
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Inserting Eq. (3-4) in Eq. (3-1), yields, 
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Equation (3-5) further simplifies to 
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Since U and   are constant, the term  U
x

 vanishes and Eq. (3-6) simplifies to the following 
equation for the pressure field 
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Thus Eq. (3-7) is the governing pressure equation for the injection chamber.  Since this study 
focuses on the non-tapered injection chamber geometry, the governing pressure equation remains 
same for both Region I and Region II.  For a tapered injection chamber, the governing pressure 
equations will be different for the tapered Region I and the non-tapered Region II.   
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3.2.2 Fiber Volume Fraction and Porosity 
The fiber volume fraction (Vf) of the composite material is the volumetric proportion of 
the fiber in the final composite.  If Vf is the local fiber volume fraction, then Vf = Vf (x,y).  Since 
the chamber is of constant cross-section, the fiber volume fraction will not change due to 
chamber geometry in the x-direction, and thus Vf = Vf (y).  However, Vf can be a function of the 
y-coordinate and x-coordinate due to fiber compaction at the resin injection slots.  The porosity  
is defined as the non-solid volume in the composite.  The relationship between local porosity  
and local fiber volume fraction Vf (y) is given by  
   (y)= 1-Vf (y)                   (3-8) 
3.2.3 Permeability Model                    
Permeability of the fiber-roving matrix is defined as the measure of the ease of liquid 
resin flow through the fiber matrix.  Higher the permeability, lower will be the resistance to the 
flow of the resin through it and vice versa.  The numerical model in this study utilizes the 
Kozeny-Carman model [25] to predict the permeability of the fibers in the longitudinal direction 
and the Gutowski‟s model [16] to predict the permeability of the fibers in transverse direction.  
The permeability of the fibers in longitudinal direction is given by 
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where k is the Kozeny constant, Rf is fiber radius (here, Rf = 15m), and Vf is the local fiber 
volume fraction.  The value of k is determined as per the fiber arrangement as shown in Table 3-
1. The different types of fiber arrangements are shown in Fig. 3-1 
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The permeabilities in the transverse direction are given by Gutowski‟s model as 
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where aV  
= Vfmax and k  is an empirical parameter; values for different fiber arrangements are 
given in Table 3-2.   
Table 3-1. Parameters for Permeability Model. 
Fiber Arrangement Vfmax Kozeny Constant, k 
 
Quadratic 
 
 
Hexagonal 
4

32

 
 
1.78 
 
 
1.66 
 
 
Table 3-2. Parameters for Gutowski’s Model.  
Fiber Arrangement 
'
aV  k  
Quadratic 
Hexagonal 
0.785 
0.907 
0.2 
0.2 
 
3.2.4 Boundary Conditions 
The governing pressure equation, Eq. (3-7), is a second order partial differential equation.  
From the composition of the equation, the solution of the pressure field requires six spatial 
pressure boundary conditions (two in each co-ordinate direction).  The velocity boundary 
conditions are described in Eq. (3-11a) through Eq. (3-11g).   
P = Patm  at x = 0    (3-11a) 
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(a) Quadratic Fiber Packing.   
 
 
 
 
 
 
 
 
 
 
(b) Hexagonal Fiber Packing.   
 
Fig. 3-1. Different Fiber Packing Arrangements [23].   
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P = PInj   at injection slot   (3-11b) 
v = 0   at y = HD/2    (3-11c) 
v = 0   at y = - HD/2    (3-11d) 
w = 0   at z = WD/2    (3-11e) 
w = 0   at z = -WD/2    (3-11f) 
u = U   at x = LT                                     (3-11g) 
At the inlet (x=0), dry fiber reinforcement enters the injection chamber, and the fluid 
pressure has been assumed to be one atmosphere (101.3 kPa).  The pressure at the injection slot 
is equal to the resin injection pressure.  Since a slip boundary condition is allowed along the wall 
of the injection chamber, boundary conditions Eq. (3-11c) through Eq. (3-11f) are obtained by 
setting the components of the resin velocity normal to the wall equal to zero.  This means that the 
resin is not able to penetrate the wall of the injection chamber.  At the exit, the wet fibers enter 
the pultrusion die, and it is assumed that the velocity of the resin in the x-direction is equal to the 
fiber velocity (pull speed) in the x-direction.   
To solve Eq. (3-7), all the boundary conditions must be redefined in terms of pressure.  
The expressions for resin velocities are substituted in the above velocity boundary conditions to 
obtain the boundary conditions in terms of pressure as follows 
P = Patm                                      at x = 0                      (3-12a) 
P = PInj                              at injection slot              (3-12b) 
0
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   at y = - HD/2                (3-12d) 
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Since the computational domain is symmetric about xy- and xz-planes, only a quarter of 
the computational domain needs to be modeled.  To do so, the boundary conditions have to be 
suitably modified to simulate the resin flow in a quarter of the computational domain.  The 
quarter-domain boundary conditions become 
P = Patm   at x = 0     (3-13a) 
P = PInj                       at injection slot    (3-13b) 
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3.3 Finite Volume Method 
In this study, the finite volume technique has been employed to compute the pressure 
field, the velocity field, and the location of the resin flow front in the computational domain.  
The computational domain is divided in a finite number of control volumes with one node 
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associated with each control volume.  The finite volume method is then used to approximate the 
partial differential equation over a control volume surrounding the grid node.  The discretization 
equations are obtained by integrating the partial differential equation over each control volume.  
Linear interpolation functions (or piecewise linear profile) are used to evaluate the integrals.  The 
advantages of using the finite control volume method as compared to the other numerical 
technique such as finite differences or finite element methods are as follows: 
 The control volume formulation helps in direct physical interpretation; hence it is more 
intuitive.   
 There is freedom of choice in utilizing different profile assumptions for integrating different 
terms in the differential equations.   
 The integral conservation of quantities such as mass and momentum is exactly satisfied over 
any group of control volumes and over the whole computational domain.  This characteristic 
is valid for any number of grid points.  Therefore, even a coarse grid solution exhibits 
integral balances.   
 
3.4 Derivation of the Discretization Equation 
The general governing pressure partial differential equation is 
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If we consider a differential control volume element of sides dx, dy and dz respectively, the 
volume of this control volume is given by dV = dx dy dz.  Integration of the partial differential 
equation, Eq. (3-15), over the control volume yields 
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(3-15) 
After performing the integration over the control volume, the following equation is obtained 
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or 
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(3-17) 
Rearranging the terms of the above equations yields  
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This equation can be expressed in linear form as 
  BPaPaPaPaPaPaPa BTTSSNNWWEEPP          (3-19) 
where 
Pa , Ea , Wa , Na , Sa , Ta , Ba  are the pressures coefficients at the given node and its 
neighboring nodes, respectively. Equation (3-19) expresses a relation between a pressure node 
and its neighbors. The coefficients are described by the following equations 
    
 ee
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δx
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μ
K
a      (3-20a) 
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with     BTSNWEP aaaaaaa     (3-20g) 
 
3.5 Solution of the Algebraic Equations by TDMA 
 In this study, the tri-diagonal matrix algorithm (TDMA) has been utilized to solve the 
system of discretized equations.  Generally, two types of methods are utilized to solve the system 
of equations, namely direct methods and iterative methods.  Direct methods, that do not require 
any iteration for solving the algebraic equations, are very complicated and require rather large 
amounts of computational space and time compared to iterative methods.  Iterative methods, start 
from guessed values of a dependent variables and utilize the system of algebraic equations to 
calculate the progressively improved values.  A successive iteration of algorithm progressively 
converges to the correct solution within the desired limit.  Iterative methods require considerably 
low memory and are faster in run time.    
 In the line-by-line method, the solution converges very rapidly as the boundary condition 
information is transmitted rapidly to the interior portion of the domain, no matter how many grid 
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points lie along the line.  Hence, TDMA is a very efficient and convenient tool in equation 
solving, and unlike general direct methods, the TDMA requires low memory space and runtime.   
 
3.5.1 Algorithm to solve the problem 
 The discretized equation in Eq. (3-19) can be expressed in following form 
i1-ii1iiii dPcPbPa    for i = 1, 2, 3,….N.      (3-21) 
where P1 and PN are the boundary values.  From the above equation a relationship between the 
pressure at a node and its neighboring node(s) along a line can be determined.  For forward 
substitution process, we have 
     i1iii YPXP       (3-22) 
where, the Xi and Yi are called recurrence relations and can be computed as 
     
1-iii
i
i
Xca
b
X

       (3-23) 
     
1-iii
1-iii
i
Xca
Ycd
Y


       (3-24) 
and for i = 1, coefficients X1 and Y1 are defined as, 
      
1
1
1
a
b
X       (3-25) 
      
1
1
1
a
d
Y       (3-26) 
then for i = 2, 3 ,….. N the recurrence relations Eq. (3-23) and Eq. (3-24) are used to compute Xi 
and Yi.  Finally, when i = N, PN = YN  is set and then back substitution using Eq. (3-22) yields PN-
1, PN-2,……P3, P2, P1, for i = N-1, N-2….. 3, 2, 1.  Hence, the computational domain is swept 
line-by-line in the yz-plane, and the yz-plane is traversed in the x-direction plane-by-plane in 
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order to sweep the entire computational domain.  The steps in line-by-line, TDMA method is 
summarized below: 
 Guess the pressure field and define the boundary conditions  
 Calculate X1 and Y1 from Eq. (3-25) and Eq. (3-26) 
 Use the recurrence relations Eq. (3-23) and Eq. (3-24) to obtain Xi and Yi for i = 2, 3, …. N 
 Set PN = YN 
 Use Eq. (3-22) to obtain PN-1, PN-2, …….., P3, P2, P1 
 Check the computed pressure field with the guessed field for the convergence criterion.  If 
the criterion has been satisfied, the solution has been obtained otherwise, assign the 
computed pressure fields to the most recently available pressure values and continue the 
iteration until the convergence criterion has been satisfied.   
 
3.6  Algorithm for Time Marching Scheme 
 Figure 3-2 depicts the pressure node and control volume arrangement in the 
computational domain.  The solid dot represents the node which is surrounded by a control 
volume represented by the dashed line.  The bold arrows in and out of the control volume are the 
components of resin velocities at the control volume interfaces.  kj,i,F  is fill factor which is 
defined as the fraction of the control volume occupied by liquid resin at a given time instant 
relative to the maximum liquid resin the control volume can hold.  In the numerical scheme, 
kj,i,F  gives the fraction of resin in the control volume.  Therefore, for a completely filled control 
volume, the value of kj,i,F  is unity (saturated reinforcement) and is zero (dry reinforcement) 
when the control volume is completely empty.  If the fill factor is unity in a control volume, the 
pressure is calculated for  that  particular control volume, otherwise atmospheric  pressure  is  
34 
 
 
 
 
 
 
Fig. 3-2.  Schematic for Net Mass Flow Rate Calculations. 
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assigned to it.  The net mass flow rate of liquid resin in and out of the control volume can be 
computed using the following equations
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 (3-28) 
The terms 






 
2
kj,i,kj,1,i 
 and 






  
2
kj,1,ikj,i, 
 are the average values of porosity at the 
interface of a control volume in the longitudinal direction.  In the Eqs. (3-27) and (3-28), if the 
component of resin velocity is positive, then the first term in the square bracket is used for 
computations; whereas, if the velocity component is negative, the second term is used to 
compute the mass flow rate.  The time required to fill the unfilled control volumes is computed 
using the following equation 
      ΔtRateFlowMassRateFlowMassΔzΔyΔxρF1
outinkj,i,kj,i,
     (3-29) 
or,   
 
    
outin
kj,i,kj,i,
RateFlowMassRateFlowMass
ΔzΔyΔxρF1
Δt




   (3-30)  
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As the resin flow front reaches steady state, the net flow rate across the interfaces of the 
control volume approaches zero, therefore, Δt approaches infinity.  To avoid this problem and 
maintain the numerical stability, the travelling of the pultruded part is restricted to the length of 
the control volume in the pull direction during a given time step, i.e.   
    
U
L
Δt0 minmin       (3-31)  
where, minL  is minimum length of the control volume in the pull speed direction and U is the 
fiber pull speed in longitudinal direction.  This condition is validated at each time step, and only 
one control volume is allowed to be newly filled at that time step.  At a given time step, if the 
calculated value of minimum time step from Eq. (3-30) is greater than as defined by Eq. (3-31), 
value of the minimum time step from Eq. (3-31) is used, otherwise the value as calculated from 
Eq. (3-30) is used.   
 The minimum value of the time step, computed using Eq. (3-30), is the amount of time 
required to fill the next quickest to fill control volume (which has resin in it but not yet 
completely filled) without overfilling any other control volume.  As the flow front advances it is 
ensured that no more than one control volume is filled at one time step.  The fill factors for all 
the unfilled or partially filled control volumes are updated at the end of each time step using the 
minimum time step value obtained from Eqs. (3-30) and (3-31).  The equation for the fill factors 
can be expressed as below 
    
kj,i,
min
outinkj,i,
ρΔxΔyΔz
Δt
RateFlowMassRateFlowMassΔF

            (3-32) 
    kj,i,kj,i,
o
kj,i, ΔFFF                     (3-33) 
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where, kj,i,ΔF  is the change in fill factor and kj,i,
oF  is the fill factor at the end of the previous 
time step.   
 
3.7 Compaction Modeling 
The flowchart in Fig. 3-3 illustrates how the numerical technique has been utilized for 
compaction modeling in this study.  The new pressure field is computed at each time step and 
∆P(y) (= PN - PP) is calculated for all the control volumes.  Here, PP is the resin pressure at a 
particular node, and PN is the resin pressure at the northern neighbor node.  The local fiber 
volume fraction Vf(y) at each control volume is computed using ∆P(y) from the function 
described in Eq. (3-34).   
        
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yΔP
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VVVyV         Pref ≤ ∆P (y) ≤ Pmax        (3-34a) 
 if ∆P (y) ≤ Pref then Vf (y) = Vfo                      (3-34b) 
here, 
Vf(y) is the new local fiber volume fraction  
Vfo is the initial (t = 0) local fiber volume fraction at a given location 
Vfmax is the maximum fiber volume fraction defined by the permeability model (Table 3-1) 
Pref is a reference pressure (here Pref = 1000 Pa) 
∆P (y) = PN - PP 
∆Pmax is the ∆P(y) value at which Vf (y) = Vfmax  
Equation (3-34) is a simplified yet accurate curve fit to the compaction experimental data 
in Ref. [18].  The derivation of Eq. (3-34) is given in Appendix A.  To  verify  this  simplified  
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Fig. 3-3.  Flow Chart of the Numerical Technique for Compaction Case [1].   
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model, it was co-plotted with the actual data from Ref. [18] and compared with Gutowski‟s 
model [16], Eq. (3-35); see Fig. (3-4).  For data in Ref. [18], Cs = 0.37 MPa, Vfmax = 0.73, Vfo = 
0.49, n = 0.55
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
       (3-35) 
Figure 3-4 shows that the simplified model used in this study, Eq. (3-34), is in close 
concert with the Gutowski‟s compaction model [16] as well as the actual experimental data [18].  
We can see how the local fiber volume fraction (Vf (y)) varies with the pressure differential 
(∆P(y)).  When ∆P(y) ≤ Pref, the local fiber volume fraction is equal to the initial fiber volume 
fraction, i.e.  Vf(y) = Vfo.  When ∆P(y) = ∆Pmax, the local fiber volume fraction is equal to the 
maximum fiber volume fraction, i.e. Vf(y) = Vfmax.  The compaction of the fiber reinforcement is 
easier for lower values of ∆Pmax and vice versa.  When ∆Pmax is low, the local fiber volume 
fraction increases thus the resin penetration and wetout achievement becomes more difficult. 
 
3.7.1 Algorithm for Redistribution of Fiber Reinforcement 
When there is no compaction, the local fiber volume fraction at any x-location is equal to 
the initial fiber volume fraction (Vfo).  When compaction takes place, the algorithm checks the 
local fiber volume fraction at all the control volumes in the y-direction at a particular x-location 
and makes sure that the total amount (area) of fibers is conserved at that axial cross-section.  The 
algorithm for the redistribution of the fibers is described below. 
1. Initially, there is no compaction.  Therefore, the local fiber volume fraction is equal to the 
initial fiber volume fraction (same as dry fibers) i.e.  Vf (y) = Vfo.   
40 
 
 
 
 
 
Fig. 3-4 Relation Between Local Fiber Volume Fraction Vf (x, y) and ∆P (y)/Pref  (∆Pmax= 
3.75 MPa, Pref = 1000 Pa, Vfmax = 0.73, Vfo = 0.49).   
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2. Advance the time until a control volume is filled with resin and calculate the pressure field.   
3. Based on this calculated pressure field, scan the domain line-by-line in the y-direction 
starting from centerline and progressing towards the top chamber boundary.  Calculate P =  
PN - PP for each control volume and assign this P value as the center node P.   
4. Use Eq. (3-34) to calculate the local fiber volume (area) fraction Vf(y) for the control volume 
corresponding to the P assigned to that control volume.   
5. Using the ∆P from Eq. (3-34) at the control volume next to the centerline, compute the Vf(y) 
such that Vf(y) < Vfmax. The total fiber area across the entire composite must remain constant; 
expressed mathematically this relation is given by 
                               

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                     or,     (y)VΔy
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where yi is the height of a control volume.
        
 
Note:  
 The number of non-zero thickness control volumes is equal to the number of y-nodes minus 
two, i.e.  Ncv = Ny -2  
 If there is no compaction, Vf(y) = Vfi(y) = Vfo and thus Eq. (3-36) yields Vfo = Vfo as it 
should to conserve the total fiber area across any cross-section. 
6. For the control volume next to the centerline, the P and Vf(y) relation can summarized as 
a) For P  PR, Vfo  Vf(y)  Vfmax 
b) For P = 0 or P  PR, Vf(y) = Vfo 
42 
 
When P  PR, the value of Vf(y) for a particular control volume increases from Vfo to a higher 
value.  Hence, to conserve the total amount (area) of fibers in the injection chamber cross-
section, the “total” fiber volume (area) fraction of the remaining control volumes in the 
transverse direction must decrease accordingly.  Also, the local fiber volume fraction Vf(y) can 
never be greater than Vfmax.  When there is an increase in the fiber volume fraction in a control 
volume (say control volume # 1, which is the control volume next to the centerline), then the 
increase in fiber area in that control volume will correspond to y1WD[Vf(y)-Vfo]; the fiber area 
increase in this control volume must result in a decrease in the fiber area somewhere among the 
remaining control volumes along the y-direction. For the i
th
 control volume, vertical height of 
that control volume is referred as yi in finite difference forms, whereas its vertical distance 
from the centerline is referred as yi (refer Fig. (3-5)). As a first “step”, it is assumed that, this 
decrease in fiber area is shared equally among the remaining control volumes in the y-direction.  
Mathematically, 
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where, 2Vˆ is the average fiber area fraction of the remaining (Ncv – 1) control volumes in the y-
direction after increasing the fiber area increment of the particular control volume under 
compaction.  This is done to maintain the balance of the overall fiber area at any x-location 
cross-section.  Now solving for 2Vˆ  yields 
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In this work, the yi grid is uniform, therefore y is constant. However, the notation in Eq. (3-
37) and (3-38) allows for non-uniform yi. Now, as a next “step”, compute the fiber volume 
(area) fraction for control volume # 2 using its corresponding P from Eq. (3-34).  Thus, now the 
average area fraction 3Vˆ , for the remaining (Ncv – 2) control volumes becomes 
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This sequential stepping process continues upto, but not including, the control volume next to the 
top boundary of the injection chamber.  This stepping sequence of the above process can be 
generalized from the above equations for the j
th
 control volume as 
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To facilitate the computation for the finite volume analysis, the integral form of Eq. (3-40) can 
be represented in finite difference form as  
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(3-40a) 
Here, Ncv is the number of non-zero thickness control volumes in the y-direction which can be 
calculated as Ncv = Ny - 2, where Ny is the number of pressure nodes in the y-direction.  To find 
the fiber volume (area) fraction for the non-zero thickness control volume next to the top 
chamber boundary (j = Ncv – 1), Eq. (3-40a) can be written as 
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Also, 
CVcv NfN
VˆV  , because for the one control volume next to the top boundary, the average (
CVN
Vˆ ) fiber volume fraction is the same as the local (
cvfN
V ) fiber volume fraction. 
7. Calculate 
cvfN
V = 
cvN
Vˆ  from Eq. (3-41); note if 0Vˆ
cvN
 , then this sequential process yields 
the fiber area fraction across the composite in the y-direction; however it is possible that 
0Vˆ
cvN
  might occur. 
a) If (
cvfN
V = 
cvN
Vˆ )  0, 
 Then assign 
1R
Vˆ = 
cvfN
V . 
 Now assign
cvN
Vˆ  = 0.01 and 
cvfN
V = 
cvN
Vˆ . This is done to keep the permeabilities in Eq. (3-9 
and 3-10) from becoming undefined. However the permeabilities will become large as they 
should for a very low local fiber volume fraction. 
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 Next subtract the absolute value |ˆ| 1RV of the calculated negative fiber volume fraction and the 
additional 0.01 from the local fiber volume fraction of the control volume number Ncv – 1 to 
conserve the total overall fiber volume fraction at the particular cross-section. 
Mathematically, this can be stated as 
]Δy[W)01.0|ˆ(|]Δy[WV]VΔy[W
cv1cvcv ND1ND1)f(Ncv1)f(Ncv1ND
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 Assign 
2R
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 Assign
 1)f(Ncv
V   = 0.01.   
 Again to maintain the total overall fiber volume fraction. 
]Δy[W)01.0|ˆ(|]Δy[WV]VΔy[W 1ND2ND2)f(Ncv2)f(Ncv2ND cv2cvcv    RV  
or,  ]01.0|ˆ[|VV 22)f(N2)f(Ncv cv   RV  
9. Repeat the process until 0V j)f(Ncv   
is satisfied to ensure that there are no control volumes 
with negative fiber volume (area) fractions and overall fiber cross-sectional area is preserved. 
10. Now advance to another time step and repeat step 2 through 9 until steady-state is reached.   
This algorithm will ensure that the overall total fiber area fraction across any cross-section 
remains constant even though there exists a fiber volume (area) fraction distribution along y-
direction due to compaction.  In summary, Eq. (3-34) is utilized to compute the compacted fiber 
volume fraction for all the control volumes in transverse direction (for j=1, 2, 3, ….., Ncv-1) 
except the control volumes (at j = Ncv) next to the injection chamber wall.  For these control 
volumes Eq. (3-41) is utilized and steps 7-9 are above is verified.  This procedure allows the 
fibers to be displaced away from the injection chamber wall due to pressure gradients (P(y)) 
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across specific control volumes.  As the fibers are pushed towards the chamber center, there are 
fewer fibers left in the control volumes near the chamber wall.  In such cases, the algorithm 
mentioned in steps 6 and 9 ensures that the overall amount of fiber area at a given cross-section 
is conserved.  
  
3.8  Mesh/ Grid Generation 
 Figure (3-5) illustrates the computational grid generated for the injection chamber in the 
xy-plane.  The computational domain is divided into finite control volumes with a node 
associated to each control volume.  The black circles represent the nodes, and the dashed lines 
represent the control volume interfaces.  Typically, a node is placed at the center of the control 
volume.  However, the control volumes at the injection chamber walls, inflow boundary, outflow 
boundary and centerline have zero thickness; hence the nodes for these control volumes are 
placed over the control volume interface itself.  In this study, only a quarter domain is modeled 
due to symmetry.  Therefore, the memory required for computation is reduced by about 75% and 
CPU time also reduced significantly.  The number of mesh points in the x, y and z direction were 
taken as 242, 20 and 14 respectively.  The CPU run time (Dell Optiplex-990, Intel i7-3.4 Ghz 
processor, 4GB RAM) was typically between less than a minute to about 10 minutes depending 
upon the case under study.  This model allows the refining or coarsening of the mesh in the 
computational domain and locally where the pressure gradients may be large.   
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Fig. 3-5 Schematic of the Computational Domain with the Grid.   
  
Control  
Volume 
Interface 
Center 
Line 
Region I Region II y 
x 
   Control Volume 
         Nodes                  
              Control Volume Interface 
y1 
yi y 
y2 
48 
 
 
 
 
CHAPTER 4 
RESULTS AND DISCUSSION 
In this study, a 3-D finite volume technique has been employed to simulate the resin flow 
through the fiber reinforcement in the resin injection pultrusion process.  Further, a compaction 
model derived from Gutowski‟s model [16] has been utilized to predict how these 
reinforcements will tend to compact when subjected to the resin injection pressure gradient.  The 
mathematical descriptions of the resin flow as well as the compaction modeling have been 
presented in Chapter 3.  The main objective of this study is to investigate the favorable 
conditions to achieve complete wetout for various processing parameters when fiber compaction 
is taken into account in the injection pultrusion process.  The numerical predictions from this 
study are useful to identify various relevant parameters in the pultrusion process and hence can 
become a useful guideline for pultrusion manufacturing. 
This chapter has been divided into three sections: Sections A, B and C respectively.  
Section A explains the operational envelope for a pull speed of 0.01524 m/s (36 in/min) for a 
non-tapered injection chamber.  Here, operational envelope means a horizontal V-shaped curve 
representing the upper and lower limits of resin injection pressures where complete wetout can 
be achieved for various Pmax.  The horizontal V-curve will be later explained in detail in Section 
A.  Section B and Section C present the effect of resin viscosity and fiber volume fraction 
respectively on wetout achievement in the resin injection pultrusion process with fiber 
compaction.  The results correspond to 30 m diameter glass fibers in rovings and with a 
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polyester resin.  The length, width and height of the injection chamber were taken to be 0.30 m, 
0.0635 m and 0.003175 m respectively. 
 
  
50 
 
 
 
 
 
 
SECTION A 
 
4.1  Operational Envelope 
Figure 4.1 depicts the operational envelope for the pull speed of 0.01524 m/s (36 in/min) 
for a non-tapered injection chamber, and Table 4-1 summarizes the upper and lower limits of the 
injection pressure to achieve complete fiber reinforcement wetout for the different values of 
Pmax.  The parameter Pmax is defined by Eq. (3-34) and governs the degree of fiber 
reinforcement compaction due to resin pressure gradients.  Lower values of Pmax mean the 
easier will be the fiber compaction and vice versa.  When the value of Pmax is lower, the fibers 
will be more easily compacted, hence increasing the local fiber volume fraction (Vf(x,y) > 
V0(x)), thus making it harder to achieve complete wetout as the liquid  resin penetrates through 
the compacted fibers.   
When the resin injection pressure is between the lower and upper limit (Fig 4-1), the 
complete wetout of the fiber reinforcement can be achieved.  However, when the resin injection 
pressure is below the lower limit, the resin cannot effectively penetrate through the fiber 
reinforcement; instead it is readily swept downstream by the fiber velocity before it can penetrate 
up to the centerline.  Similarly, wetout cannot be achieved when the injection pressure is above 
the upper branch of the injection pressure curve in Fig. 4-1.  In this case, the injection pressure 
gradient is so high that it will tightly push the fibers together causing so much compaction that 
the transverse permeability becomes very low and the fiber-matrix becomes almost impossible to 
penetrate.  It can also be deduced from Fig. 4-1 that, for a Pmax value below 3.55 MPa for the  
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Fig. 4-1. Injection Pressure to Achieve Complete Wetout as a Function of Pmax for a Slot 
Injection Configuration with Fiber Compaction for Polyster Resin/ Glass (U= 0.01524 m/s 
(36 in/min), Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.0635 m, Pref = 1000 Pa). 
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Table 4-1.  Injection Pressure Range Necessary to Achieve Complete Wetout for Different 
Values of Pmax at U =0.01524 m/s (36 in/min). 
 
Pmax (MPa) 
Injection Pressure Range Required to Achieve 
Complete Wetout (Gauge) 
Lower Limit, MPa (Psi) Upper Limit, MPa (Psi) 
4.00 0.72 (105) 2.34 (340) 
3.85 0.83 (120) 2.07 (300) 
3.75 0.87 (125) 1.86 (270) 
3.65 1.00 (145) 1.72 (250) 
3.55 1.34 (195) 1.38 (200) 
No Compaction 0.69 (100)  
 
  
53 
 
pull speed 0.01524 m/s (36 in/min), that fiber wetout becomes impossible since there is 
practically no wetout range in the operational envelope.  The envelope opens up as the Pmax 
value increases beyond 3.55 MPa, thus making wetout achievement possible for a wider range of 
resin injection pressures.  As explained earlier, this is because of the fact that Pmax governs the 
fiber compaction; lower value of Pmax allows easier fiber compaction whereas a higher value of 
Pmax makes fiber compaction more difficult. It appears that Pmax is a function of elastic 
modulus, torsional modulus, fiber volume fraction, fiber diameter, pull speed and fiber 
arrangement; all these parameters are likely to impact the value of Pmax for a given composite 
material. 
To further investigate the fiber compaction and wetout process, five different points A, B, 
C, D and E in Fig. 4-1 are chosen at a Pmax value of 3.75 MPa on the operational envelope for U 
= 0.01524 m/s (36 in/min).  Since points A and E are beyond the envelope limits with 
compaction, no wetout can be achieved at these points.  Points B, C and D are within or on the 
limits; hence complete wetout can be achieved at these points.  To see the contrast between the 
compaction and no-compaction cases, a non-compaction model was also employed and the 
minimum injection pressure to achieve complete wetout without compaction was found to be 
0.69 MPa (100 Psi) for U = 0.01524 m/s (36 in/min); this pressure is listed in Table 4-1 and 
shown by the dashed line in Fig. 4-1.  For the no-compaction case, any injection pressure below 
the dashed line in Fig. 4-1 will not achieve complete fiber wetout and any injection pressure 
above the dashed line will achieve complete.   For the no-compation case, the fiber volume 
fraction is a constant everywhere (Vf =Vfo).  Now the phenomenon occurring at points A, B, C, 
D and E will be discussed in detail next. 
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4.2 Point A: Below the Lower Injection Pressure Limit 
Point A is below the lower limit of injection pressure (Fig. 4-1) required to achieve 
complete wetout at the Pmax value of 3.75 MPa for U = 0.01524 m/s (36 in/min).    Figure 4-2a   
depicts   the   steady-state  flow  front (thick  line)  and   gauge isopressure contours (thin lines) 
for polyster resin/glass rovings.  For better comprehension, the x- and y-axes of the figure have 
been non-dimensionalized by the respective overall dimensions corresponding to the axes.  Also 
the isopressure contours have been normalized by “one” atmospheric pressure.  One can see 
from Fig. 4-2a that wetout has “not” been achieved (dry core at chamber exit) and that there is 
nominal resin back-flow (injection port is located at x/LT = 0.333).  The injection pressure at 
point A is too low to cause significantly high fiber compaction; also, this injection pressure is not 
high enough for resin to penetrate through the fiber reinforcement to the centerline.  In this case, 
the resin is swept away with the fiber velocity before it can reach the centerline to result in 
complete wetout; it is swept out of the injection chamber.   
Figures 4-2b and 4-2c show respectively how the fiber volume fraction and resin pressure 
vary along the transverse y-direction at various axial x-locations along the injection chamber.  
Both figures correspond to the same set of four different progressive axial locations under 
consideration.  At the first axial location (x/LT = 0.173), the liquid resin gauge pressure along the 
transverse direction is at zero level (Fig 4-2c).  Therefore, there is no compaction due to resin 
injection pressure which is characterized by a uniform horizontal straight line at the original fiber 
volume fraction (0.68) level in Fig 4-2b.  The second location, x/LT = 0.348 axial distance is 
within the injection slot.  At this point the resin pressure (Fig. 4-2c) is comparatively higher and 
pushes the fibers away from the wall causing a drop in fiber volume fraction (Fig. 4-2b) in the  
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Fig. 4-2a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass : Point A (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 
m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.69 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-2b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber Polyster Resin/ Glass : Point A ( Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj 
= 0.69 MPa, Pref = 1000 Pa). 
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Fig. 4-2c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber Polyster Resin/ Glass : Point A (Vfo = 0.68, 
 = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 
MPa, Pinj = 0.69 MPa, Pref = 1000 Pa). 
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immediate wall region.  Since the overall fiber volume fraction must be conserved, compaction 
takes place in the region between the centerline and the chamber outer wall which is 
characterized by the upwards blip in Fig. 4-2b.  Figure 4-2a shows that the resin has 
approximately wetted the upper and the lower 20% of the fibers in the transverse direction near 
the injection chamber slot.  Hence, the resin pressure is higher near the walls (wetted region), but 
as one moves towards the centerline (non-wetted region), the gauge pressure (Fig 4-2c) drops to 
zero level.  From the corresponding curve for fiber volume fraction (Fig. 4-2b), it can be noted 
that the fiber volume fraction is higher than the original value near the walls signifying 
compaction in this region.  The non-wetted region still maintains the original fiber volume 
fraction (0.68).   At the third axial location (x/LT = 0.698), the pressure and the fiber volume 
fraction behave similarly as the second axial location, except that the resin wetted region is 
wider.  For this axial location, the gauge pressure in the wetted region is lower as compared to 
second axial location since it is farther away from the injection slot.  The gauge pressure in the 
non-wetted region is still at zero level.  At the fourth axial location (x/LT = 0.873) under 
consideration, one can see that the resin wetted region has moved further towards the centerline, 
but not deep enough into the fiber matrix to achieve the complete wetout.  The gauge pressure 
(Fig. 4-2c) is comparable to the previous location, however the fiber volume fraction distribution 
(Fig 4-2b) shows that considerable compaction has occurred at this point and the local fiber 
volume fraction has reached about Vf = 0.75. 
 
4.3 Point B: At Lower Injection Pressure Limit 
Point B is on the lower limit of injection pressure (Fig. 4-1) that can yield complete 
wetout at a Pmax value of  3.75 MPa for U = 0.01524 m/s (36 in/min).  Figure 4-3a shows the 
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spatial resin distribution illustrating the steady-state resin flow condition inside the injection 
chamber.  It can be observed at the lower limit injection pressure, that wetout has been achieved 
near the injection chamber exit.  Since the injection gauge pressure is higher than at point A, 
there is a higher chance of fiber compaction in this case which makes the resin penetration 
harder.  However, it is evident from Fig 4-3a that the resin pressure is high enough to penetrate 
through the somewhat compacted fiber matrix to achieve complete wetout just before the 
fiber/resin system exits the injection chamber.  Also, due to the higher injection pressure, there is 
more backflow along the chamber wall toward the chamber entrance as compared to point A.  
Figures 4-3b and 4-3c show the transverse variation in fiber volume fraction and pressure for this 
case.  The pressure profiles and fiber volume fraction profiles behave similarly to that of point A. 
 
4.4  Point C: Inside the Operational Envelope 
Point C (Fig. 4-1) is between the lower and the upper limit of the injection gauge pressure 
that will cause complete wetout at a Pmax value of  3.75 MPa for U = 0.01524 m/s (36 in/min).  
The injection pressure in this case is now higher which results in even more compaction and 
more backflow but also  more  resin  penetration.   Figure 4-4a represents the resin flow front and 
gauge isopressures for point C.  It is seen that complete wetout occurs slightly earlier than for 
point B.  When the resin is injected through the injection slot, the higher resin pressure pushes 
the fibers away from the chamber wall.  This decreases the local fiber volume fraction at the 
immediate wall regions and an increase in the fiber volume fraction somewhere between the 
chamber wall and the centerline.  This phenomenon is characterized by the lower and upper blips 
respectively in the transverse fiber volume fraction distribution (Fig. 4-4b) in the injection slot 
location (x/LT = 0.348).  The corresponding resin pressures are depicted in Fig. 4.4c.  The non-  
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Fig. 4-3a. Resin Flow Front Profile and Gauge Isopressure (kpa) Contours for Polyster 
Resin/ Glass : Point B (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 
m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-3b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass : Point B (Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 Mpa, Pinj 
= 0.87 MPa, Pref = 1000 Pa). 
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Fig. 4-3c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass : Point B (Vfo = 
0.68,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 
3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-4a Resin Flow Front Profile and Gauge Isopressure (kpa) Contours for Polyster 
Resin/ Glass : Point C ( Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 
m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.17 MPa, Pref = 1000 Pa). 
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Fig. 4-4b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass : Point C ( Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj 
= 1.17 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-4c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass : Point C ( Vfo = 
0.68,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 
3.75 MPa, Pinj = 1.17, MPa, Pref = 1000 Pa). 
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wetted region is still at the original fiber volume fraction level (Vf = 0.68).  Since, there are less 
fibers near the wall in this case, the resin can easily flow backwards (upstream) causing 
significant backflow toward the chamber inlet.  However, resin is still not issuing out through the 
chamber entrance.  Though there is notable compaction in the fiber reinforcement (Fig. 4-4b), 
the higher injection pressure can penetrate through it and result in complete fiber wetout fairly 
ahead of the chamber exit. 
 
4.5 Point D: At Upper Injection Pressure Limit 
Point D in Fig. 4-1 is on the upper limit of resin injection pressure that can yield complete wetout 
for a Pmax value of 3.75 MPa for U = 0.01524 m/s (36 in/min).  Figures 4-5a, 4-5b and 4-5c are 
the resin flow front/iso-pressure contour, local fiber volume fraction and transverse pressure 
distributions respectively.  The profiles are similar to that of point C; the main difference is that 
there is excessive backflow and the resin is exuding out through the chamber entrance.  The 
injection pressure is fairly high in this case and the fibers at the walls are pushed away from the 
chamber wall creating a low fiber zone immediately near the walls.  Further away in the 
transverse direction, compaction occurs similar to case of point C.  The resin penetration for 
point D is difficult; however due to the low fiber zone near the wall, the resin starts to push 
backwards (upstream) and eventually comes out of the injection chamber.  Meanwhile, the high 
resin injection pressure allows the resin to slowly penetrate through the fiber reinforcement 
resulting in complete wetout before the chamber exit.  
4.6. Point E: Above Upper Injection Pressure Limit 
Point E in Fig. 4-1 is above the upper limit of the injection pressure that can achieve 
complete  wetout at  a Pmax value of 3.75 MPa for U = 0.01524 m/s (36 in/min). The figures  
63 
 
 
Fig. 4-5a. Resin Flow Front Profile and Gauge Isopressure (kpa) Contours for Polyster 
Resin/ Glass : Point D ( Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 
m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
 
Fig. 4-5b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass : Point D (Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj 
= 1.86 MPa, Pref = 1000 Pa). 
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Fig. 4-5c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass : Point D ( Vfo = 
0.68,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 
3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
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associated with point E are Figs. 4-6a, 4-6b and 4-6c.  The resin gauge pressure here is highest 
among the five points under consideration in Fig. 4-1.  Since the resin gauge pressure is very 
high, the fibers are pushed away from the injection chamber wall to a greater extent and thus 
high compaction occurs away from the chamber wall making it impossible to penetrate at any 
higher injection pressure.  A low fiber zone is created near the wall as explained earlier for point 
D; thus resin can easily flow backwards (upstream) and flows out through the chamber entrance 
(Fig. 4-6a).  If a fiber void is created near the chamber wall due to excessive compaction the 
simulation model accommodates the numerical integrity by allocating a nominal fiber volume 
fraction of 0.01 to the control volume immediately next to the chamber wall.  The fiber 
redistribution process is explained in detail in Chapter 3. 
 
4.7  Fiber Redistribution Verification 
The transverse fiber volume fraction graphs (Figs. 4-2b, 4-3b, 4-4b, 4-5b, and 4-6b) show 
how the fiber volume fraction varies in the transverse direction at various axial locations of the 
injection chamber. To verify that the fiber volume fractions are distributed correctly, trapezoidal 
rule numerical integration was employed to calculate the average fiber volume fraction at various 
axial x-locations.  Table 4-2 summarizes the average fiber volume fraction values at various 
axial locations for different gauge injection pressure values (five points A, B, C, D and E in Fig 
4-1).  It can be observed from Table 4-2, that all calculated average fiber volume fractions are 
essentially equal at every axial location verifying that the overall cross-sectional fiber volume 
fraction has been conserved and the fibers are distributed correctly in the transverse y-direction. 
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Fig. 4-6a. Resin Flow Front Profile and Gauge Isopressure (kpa) Contours for Polyster 
Resin/ Glass : Point E ( Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 
m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 2.13 MPa, Pref = 1000 Pa). 
 
Fig. 4-6b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass : Point E (Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj 
= 2.13 MPa, Pref = 1000 Pa). 
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Fig. 4-6c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber Polyster Resin/ Glass : Point E ( Vfo = 0.68, 
 = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 
MPa, Pinj = 2.13 MPa, Pref = 1000 Pa). 
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4-2. Average Fiber Volume Fractions Calculated Using Trapezoidal Rule. 
 
x/ LT 0 0.173 0.348 0.523 0.698 0.873 
P
o
in
ts
 i
n
 F
ig
. 
4
-1
 
A 0.6800 0.6800 0.6799 0.6799 0.6799 0.6799 
B 0.6800 0.6800 0.6799 0.6799 0.6799 0.6799 
C 0.6800 0.6799 0.6799 0.6799 0.6799 0.6799 
D 0.6800 0.6799 0.6800 0.6799 0.6799 0.6799 
E 0.6800 0.6799 0.6800 0.6799 0.6799 0.6799 
 
4.8 Transient Sequence 
To better understand how the resin penetrates through the fibers, the resin flow front and 
isopressure contours are here illustrated in transient sequences.  Figure 4-7 represents the 
transient sequence of the resin flow front and isopressure contours for point E in Fig. 4-1.  No 
complete wetout is achieved in this case due to high compaction as the injection pressure in 
beyond the upper limit in Fig. 4-1.  Figure 4-7a. is the injection chamber condition at time t = 0 s 
when the resin injection has not yet been started.  Figure 4-7b is the transient sequence at time t = 
2.89 s; since the injection pressure is very high, the fibers are pushed away from the injection 
chamber wall creating a low fiber volume fraction zone at this location.  Consequently, 
compaction of the fiber occurs between the injection chamber wall and the centerline creating a 
high fiber volume fraction zone which is very hard to penetrate.  Therefore, it is seen that there is 
very low transverse penetration of resin; instead the resin is flowing backward and forward along 
the injection chamber wall.  At time t = 5.22 s (Fig. 4-7c), the resin is penetrating slowly in the 
transverse direction as the flow along the wall continues and the resin backflow starts to exude 
out of the chamber entrance region.   
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Fig. 4-7a. Simulated Time, t = 0 s. 
 
 
Fig. 4-7b. Simulated Time, t = 2.89 s. 
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Fig. 4-7c. Simulated Time, t = 5.22 s. 
 
 
Fig. 4-7d. Simulated Time, t = 9.34 s. 
 
0.00 0.20 0.40 0.60 0.80 1.00
-1.00
-0.50
0.00
0.50
1.00
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
D
Axial Distance, x/LT
0.00 0.20 0.40 0.60 0.80 1.00
-1.00
-0.50
0.00
0.50
1.00
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
D
Axial Distance, x/LT
Flow  
Front 
Flow  
Front 
71 
 
 
Fig. 4-7e. Simulated Time, t = 17.6 s. 
 
 
Fig. 4-7f. Simulated Time, t = 30.3 s. 
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Fig. 4-7g.  Simulated Time, t =  34.2 s (Steady State).  
 
Fig. 4-7. Transient Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving and Slot Injection Configuration: Point E ( Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj 
= 2.13 MPa, Pref = 1000 Pa). 
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At time t = 9.34 s (Fig. 4-7d), resin is still moving slowly in the transverse direction as 
the resin continues to backflow out the entrance region.  At times t = 17.6 s to 30.3 s (Figs. 4-7e 
and 4-7f), the resin penetrates somewhat into the fiber-matrix and reaches a steady-state 
distribution at time t = 34.2 s (Fig. 4-7g); however the resin penetration is not enough to achieve 
complete wetout.  This is because the resin pressure is very high, and a high degree of 
compaction occurs due to the resin pressure forcing the fibers to squeeze together to such an 
extent that it essentially behaves as a non-porous material. 
Another transient sequence for point C of Fig. 4-1 is also presented in Fig. 4-8. Since 
point E lies between the upper and lower limits range of the injection pressure, complete wetout 
is achieved in this case.  Similar to Fig. 4-7, the first figure is of the injection chamber at time t = 
0 s when there is no resin injection.  Next, Fig. 4-8b represents the resin flow front/isopressure 
distribution at time t = 2.99 s; in this case also, the resin has started flowing forward and 
backward along the chamber wall more prominently than in the transverse y-direction.  The 
reason is the same as previously described for point E.  The resin penetration in the transverse 
direction proceeds slowly as the resin flow along the wall continues in Figs. 4-8c through 4-8f.  
Figure 4-8g illustrates the steady-state resin flow distribution.  This is the steady-state condition 
and complete wetout has been achieved in this stage.  In this case the resin injection pressure  
is high enough to induce some compaction, but not excessively high enough compaction (as in 
case of point E) to render the fibers impenetrable.  Hence, complete wetout is achieved at steady 
state. 
 
4.9 Non-Compaction Case 
The non-compaction model was utilized for U = 0.01524 m/s (36 in/min).   It was found 
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that complete wetout could be achieved only above an injection pressure of 0.69 MPa (Fig. 4-1).  
It can be seen from Fig. 4-9 that, unlike the compaction case, the complete wetout is achieved far 
ahead of the exit region and there is essentially no backflow at all.  This is because, the fiber 
compaction due to the resin injection pressure has not been considered and the permeabilities of 
the fiber reinforcement remain constant throughout the domain; thus, even a low injection 
pressure of as little as 0.69 MPa can also achieve complete wetout.  However, this is not realistic 
since compaction inevitably occurs in the pultrusion process and results in harder resin 
penetration and more resin backflow as explained earlier in this section. 
The operational envelope for U = 0.0254 m/s (60 in/min) are presented in Appendix C.  
The difference between U = 0.01524 m/s (36 in/min) and U = 0.0254 m/s (60 in/min) is that, the 
higher pull speed makes the resin penetration even more difficult because the fiber 
reinforcements are quickly swept away through the injection chamber allowing only a short 
interval for resin penetration.  As a result, the operation envelope becomes narrower; thus, higher 
Pmax and higher injection pressure values are required to achieve complete wetout.  The 
explanation of the related graphs for U = 0.0254 m/s (60 in/min) are similar to that of U = 
0.01527 m/s (36 in/min). 
Having described the resin flow in Section A, the impact of fiber volume fraction 
variation will be discussed next in Section B. 
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Fig. 4-8a. Simulated Time t = 0 s. 
 
 
Fig. 4-8b. Simulated Time, t = 2.99 s. 
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Fig. 4-8c. Simulated Time, t = 5.75 s. 
 
 
Fig. 4-8d. Simulated Time, t = 8.73 s. 
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Fig. 4-8e. Simulated Time, t = 14.5 s. 
 
 
Fig. 4-8f. Simulated Time, t = 26.5 s. 
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Fig. 4-8g. Simulated Time, t= 32.7 s (Steady State). 
Fig. 4-8. Transient Flow Front Profile and Gauge Isopressure (P/Patm) Contours for 
Polyster Resin/ Glass Roving and Slot Injection Configuration : Point C (Vfo = 0.68,  = 
0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, 
Pinj = 1.17 MPa, Pref = 1000 Pa). 
 
Fig. 4-9. Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster Resin/ 
Glass Roving and Slot Injection Configuration Without Compaction ( Vfo = 0.68,  = 0.75 
Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pinj = 0.69 MPa, Pref = 
1000 Pa).  
0.00 0.20 0.40 0.60 0.80 1.00
-1.00
-0.50
0.00
0.50
1.00
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
D
Axial Distance, x/LT
T
h
ic
k
n
es
s,
 y
/(
H
  
/2
)
D
Axial Distance, x/LT
0.00 0.20 0.40 0.60 0.80 1.00
-1.00
-0.50
0.00
0.50
1.00
Flow  
Front 
Flow  
Front 
1
.0
0
 
79 
 
 
 
 
SECTION B 
This section explores the effect of resin viscosity on fiber reinforcement wetout when 
fiber compaction is taken into account in the resin injection pultrusion manufacturing process.  
The simulated results correspond to three different typical resin viscosity values:   = 0.50 Pa.s, 
 = 0.75 Pa.s, and  = 1.0 Pa.s at U = 0.01524 m/s (36 in/min) with Vfo = 0.68.  This section will 
basically focus on how the fiber compaction phenomenon is affected due to resin viscosity and 
thus ultimately impacting the complete wetout process. 
 
4.10 Operational Envelope 
Figure 4-10 depicts the comparison between the operational envelopes for the resin 
viscosities of  = 0.50 Pa.s,  = 0.75 Pa.s, and  = 1.0 Pa.s at U = 0.01524 m/s (36 in/min) and 
Vfo = 0.68.  Table 4-3 summarizes the upper and the lower limits of the injection pressure to 
achieve complete fiber reinforcement wetout at different values of Pmax for these three 
viscocities and graphically shown in Fig 4-10.  When the resin injection pressure is between the 
lower and upper branches in Fig. 4-10, then complete wetout of the fiber reinforcement can be 
achieved.  However, when the resin injection pressure is below the lower branch, the resin 
penetration in the transverse direction is slower, and thus it is readily swept downstream by the 
fiber velocity before it can reach the centerline.  Also, when the injection pressure is above the 
upper branches in Fig. 4-10, the injection pressure gradient is so high that it compacts the fibers 
to such an extent that the fiber reinforcement becomes essentially impenetrable by liquid resin.   
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Fig. 4-10. Injection Pressure to Achieve Complete Wetout as a Function of Pmax for a Slot 
Injection Configuration with Fiber Compaction for Polyster Resin/ Glass (U= 0.01524 m/s 
(36 in/min), Vfo = 0.68,  = 0.50 Pa
.
s, 0.75 Pa
.
s and 1.0 Pa
.
s; HD = 0.00318 m, WD = 0.0635 m, 
Pref = 1000 Pa). 
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Hence no complete wetout can be achieved.   Further  the  comparison  between  the   operational  
envelope  curves  for  different  viscosities  in  Fig. 4-10  shows  that,  the  lower the viscosity the 
easier it is to achieve wetout.  This is also characterized in Fig. 4-10 by the lower Pmax value  
and comparatively lower injection pressure required for wetout at the lower viscosity resin 
system.  A lower Pmax value also signifies that the fibers may be more easily compacted.  It can 
be seen from Table 4-3 as well as Fig. 4-10 that, for a resin viscosity of  = 0.50 Pa.s, that wetout 
can be achieved even for a low Pmax value of 2.18 MPa.  This means, the low viscosity resin 
can easily penetrate through the fibers without compressing the fiber bed enough to cause 
excessive compaction.  On the contrary, the higher viscosity resins such as  = 0.75 Pa.s and  = 
1.0 Pa
.
s cannot achieve wetout at any injection pressure for Pmax  3.55 MPa.  This is because, a 
more viscous resin cannot penetrate through the fibers easily; to make it able to penetrate 
through the fibers a higher injection pressures become necessary.  However, a lower Pmax may 
allow easier compaction, and high injection pressure can create a compacted region in the 
transverse direction where the fibers become essentially impenetrable.  To better understand the 
phenomenon, “three” different points (injection pressures) namely A, B, C in Fig. 4-10 at Pmax 
= 3.75 MPa are chosen for investigation. The value Pmax = 3.75 MPa is based on the 
experimental data [18] employed to derive the compaction model in Chapter 3 and shown in Fig. 
3-4. The points in Fig. 4-10 (points A and B) near the lower limit curves are compared with the 
non-compaction case to present an idea how compaction affects the wetout process.  The point 
(point C in Fig. 4-10) near the upper limit curve is compared for different viscosities to present 
an idea about the effect of resin viscosity in compaction and also on complete wetout.  Note that 
wetout for Pmax = 3.75 MPa is possible for a range of injection pressures for  = 0.50 Pa
.
s and   
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Table 4-3. Injection Pressure Range Necessary to Achieve Complete Wetout at Different 
Values of Pmax for Different Resin Viscosities. 
 
=0.5 Pa.s =0.75Pa.s =1.0Pa.s 
Pmax, 
Mpa 
Lower 
Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Pmax, 
Mpa 
Lower 
Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Pmax, 
Mpa 
Lower 
Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Psi MPa Psi MPa Psi MPa Psi MPa Psi MPa Psi MPa 
2.18 128 0.88 131 0.90 3.55 195 1.34 200 1.38 5.05 235 1.62 265 1.83 
2.20 95 0.66 165 1.14 3.65 145 1.00 250 1.72 5.10 205 1.41 305 2.10 
2.30 75 0.52 190 1.31 3.75 125 0.86 270 1.86 5.20 180 1.24 340 2.34 
2.50 60 0.41 245 1.69 3.85 120 0.83 300 2.07 5.30 160 1.10 365 2.52 
3.00 60 0.41 310 2.14 4.00 105 0.72 340 2.34 5.40 150 1.03 375 2.59 
3.50 50 0.34 340 2.34 4.50 85 0.59 400 2.76 5.50 140 0.97 400 2.76 
4.00 50 0.34 365 2.52 5.50 80 0.55 425 2.93 6.00 130 0.90 415 2.86 
4.50 45 0.31 380 2.62 6.50 75 0.52 405 2.79 6.50 115 0.79 415 2.86 
5.50 45 0.31 350 2.41 7.00 75 0.52 385 2.65 7.00 100 0.69 415 2.86 
6.50 45 0.31 350 2.41 7.50 75 0.52 375 2.59 7.50 110 0.76 420 2.90 
7.00 45 0.31 380 2.62                     
7.50 45 0.31 395 2.72                     
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= 0.75 Pa
.
s, but wetout is not possible for  = 1.00 Pa.s at any injection pressure.  Now the 
phenomenon occurring at the points under investigation will be discussed in detail. 
 
4.11 Point A: Near Lower Limit Curve for  = 0.50 Pa.s, Inside Operational Envelope 
Point A (Pinj = 0.44 MPa) is inside the operational envelope of  = 0.50 Pa
.
s and outside 
the operational envelope of  = 0.75 Pa.s.  Therefore, the injection pressure at Point A will result 
in complete wetout of the fiber reinforcement for  = 0.50 Pa.s; whereas for  = 0.75 Pa.s, this 
injection pressure will not result in complete wetout.  Since, the interest of this research work is 
the complete wetout situation, only the simulated results for  = 0.50 Pa.s will be presented and 
compared with the simulated result from the no-compaction case for point A in Fig. 4-10.  Figure 
4-11a depicts the steady-state flow front (thick line) and gauge isopressure contours (thin lines) 
for the no-compaction case for polyster resin/glass roving along the center xy-plane of the resin 
injection chamber.  When compaction is not taken into account, the fiber volume fraction 
remains spatially constant and the resin can more easily penetrate through the fibers 
reinforcements to cause complete wetout near the injection slot.  Hence, Fig. 4-11a shows that 
the flow front reaches the centerline very near the injection slot region with essentially no 
backflow.  However when fiber compaction (Fig. 4-11b) due to the resin injection pressure is 
considered, some fibers are pushed away from the injection chamber wall creating a lean fiber 
zone immediately near the wall followed by a denser fiber zone further in the transverse y-
direction.  This makes the resin penetration and the complete wetout  more  difficult.   Therefore, 
it is easier for the resin to flow backwards than in the transverse direction which results in the 
resin backflow as shown in Fig 4-11b.  The variation of the fiber volume fraction in the 
transverse direction for the compaction case is depicted in Fig. 4-11c.  It is seen from Fig. 4-11c  
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Fig. 4-11a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection Configuration Without Compaction: Point A (Vfo = 
0.68,  = 0.50 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pinj = 0.44 
MPa, Pref = 1000 Pa). 
 
 
Fig. 4-11b. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point A (Vfo = 0.68,  = 0.50 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.44 
MPa, Pref = 1000 Pa). 
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Fig. 4-11c. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point A (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.44,  MPa, Pref = 1000 Pa). 
 
 
Fig. 4-11d. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point A (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.44 MPa, Pref = 1000 Pa). 
0.00
0.20
0.40
0.60
0.80
1.00
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
V
f 
y/(HD/2) 
x/LT = 0.173 
x/LT = 0.698 
x/LT = 0.348 
x/LT = 0.873 
0
2
4
6
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
P
/P
a
tm
 
y/(HD/2) 
x/LT = 0.173 
x/LT = 0.698 
x/LT = 0.348 
x/LT = 0.873 
86 
 
 
Fig. 4-11e. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at different Axial Locations (x/LT) (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 
0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.44 MPa, Pref = 1000 Pa). 
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that there is a fiber lean zone near the wall followed by a dense fiber zone in the transverse y-
direction throughout the backflow region (x = 0.173 to x = 0.348); the fiber dense region occurs 
at y/(HD/2)   0.80.  The rise in fiber volume fraction due to injection pressure at this region can 
also be rationalized from the transverse resin pressure distributions shown  in  Fig. 4-11d,  where  
the  high  pressure  gradient regions  in  the  pressure curve  correspond  to  the  fiber compaction 
zone (fiber dense region).  The fiber volume fraction (Vf) eventually levels to Vfo = 0.68 at the 
centerline.  The fiber volume fraction in the complete wetout region remains (x/LT  0.698) 
essential unchanged. 
Further Fig. 4-11e shows the comparison between the axial pressure profiles along the 
centerline and the chamber wall regions.  For the no-compaction case, the chamber wall gauge 
pressure remains zero until just before reaching the injection slot and there is no backflow.  The 
chamber wall pressure then peaks up immediately at the injection slot and remains constant 
across the slot region.  The centerline pressure starts to build up immediately after the injection 
slot as the resin moves rapidly in the transverse direction without any compaction.  The chamber 
wall pressure decreases as the centerline pressure builds up and both the pressures level to the 
same pressure at the complete wetout region.  In contrast, in the compaction case the wall 
pressure rises upstream of the injection slot near the entrance region due to the resin backflow.  
Also, as the resin flows very slowly in the transverse direction due to compaction, the centerline 
resin pressure rises considerably downstream as compared to the no-compaction case. The 
compaction case centerline and the wall pressures level to the same pressure once complete 
wetout is achieved. 
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4.12  Point B: At Lower Limit Curve of  = 0.75 Pa.s  
Point B (Pinj = 0.87 MPa) is at the lower curve limit for  = 0.75 Pa
.
s and within the 
operational envelope of  = 0.50 Pa.s.  Thus, this injection pressure will result in complete 
wetout for both the resin viscosities under study.  The simulated steady-state resin flow front for 
the no-compaction and the compaction cases for   = 0.75 Pa.s is illustrated in Fig. 4-12a and 4-
12b respectively.  The explanation to the phenomenon occurring at point B for the compaction as 
well as the no-compaction cases for  = 0.75 Pa.s is similar to that of point A.  Since this section 
explores for the effect of resin viscosities in the resin injection pultrusion process, a comparison 
with the lower viscosity resin ( = 0.50 Pa.s) is also presented for point B.   
When  = 0.75 Pa.s, complete wetout occurs (Fig. 4-12b) considerably downstream (near 
the injection chamber exit) because the injection pressure at point B is at the lower limit of the 
injection pressure required for the complete wetout at  = 0.75 Pa.s.  Any injection pressure 
below point B will not result in complete wetout for  = 0.75 Pa.s.  Also, it can be observed that 
there is resin back flow due to the fiber lean region created near the wall.  The fiber lean zone is 
characterized by the lower blips on the local fiber volume curves in Fig. 4-12c.  As all the curves 
manifest lower Vf values near the chamber wall, it is evident that some fibers are pushed away 
from the wall throughout the resin wetted region in the injection chamber.  The compaction 
occurring due to pushing of fibers away from the wall results in increased fiber volume fraction 
in the transverse direction as shown by the upper peaks in Fig. 4-12c at y/(HD/2)   0.80.  
Figure 4-12d corresponds to the resin pressure distribution for the same axial distances of fiber 
volume fraction in Fig 4-12c.  The regions of high pressure gradients signify that compaction 
occurs in that particular region and it supports the fiber volume distribution information 
conveyed in Fig. 4-12c.   
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Fig. 4-12a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection Configuration Without Compaction : Point B ( Vfo = 
0.68,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pinj = 0.87 
MPa, Pref = 1000 Pa). 
 
 
Fig. 4-12b. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point B (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
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Fig. 4-12c. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point B ( Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-12d. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point B (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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Figure 4-12e shows the steady-state iso-pressure contours along the xy-center plane for the  = 
0.50 Pa
.
s.  Unlike in the case of  = 0.75 Pa.s, complete wetout occurs well ahead of the chamber 
exit region and the back flow is issuing out of the chamber entrance region.  When the resin is 
more viscous, it resists easy penetration into the fibers, rather it pushes some fibers away from 
the wall causing compaction in the transverse direction.  This makes the resin penetration even 
more difficult.  Therefore, some resin is swept downstream with the fiber velocity and the 
transverse penetration occurs very slowly.  The backflow is due to the fiber lean region near the 
injection chamber wall.  Also note that for the more viscous resin ( = 0.75 Pa.s) the backflow is 
not issuing out of the entrance region (Fig. 4-12b).  This is because the viscous resin resists easy 
flow and cannot penetrate any further backwards against the fiber velocity at this particular 
injection pressure (Pinj = 0.87 MPa).  However, if a lower viscosity resin of  = 0.50 Pa
.
s (Fig. 4-
12e) is taken into consideration, the lower viscosity allows deeper and easier penetration when 
using the same injection pressure as for  = 0.75 Pa.s (Fig. 4-12b) at point B.  Hence, for  = 
0.50 Pa
.
s the transverse movement of the resin through the fibers is more prominent than the 
sweeping away with the fiber velocity and complete wetout is achieved far ahead (Fig. 4-12e) of 
the entrance region.  Also in this case (Fig. 4-12e), the resin backflow is issuing out of the 
entrance region.  This is because the lower viscosity fluid can more easily flow upstream through 
the lean fiber region; and here in this case, resin flows further backwards to flow out through the 
entrance region.  The transverse fiber volume fraction distribution (Fig. 4-12f) and injection 
chamber pressure distribution (Fig. 4-12g) for  = 0.50 Pa.s also shows that compaction is 
prominent around the injection slot region and the backflow region (x/LT  0.348).  Once 
complete wetout has been achieved the fiber volume fraction remains essentially the same (x/LT 
 0.698) as the original fiber volume fraction. 
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Fig. 4-12e.  Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point B (Vfo = 0.68,  = 0.50 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
 
Fig. 4-12f. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point B ( Vfo = 0.68,  = 0.50 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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Fig. 4-12g. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point B (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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Figure 4-12h depicts the axial injection chamber pressure profiles along the chamber wall 
and centerline for the compaction and the no-compaction cases for  = 0.75 Pa.s.  For the no- 
compaction case, the injection chamber pressure rises to the injection pressure at the start of the 
injection slot; the pressure rises sharply up to the injection pressure level, then it remains 
constant across the injection slot. After the injection slot, the wall pressure decreases and the 
centerline pressure rises sharply.  The process continues until complete wetout has been 
achieved; then the wall and the centerline pressures remains equal from then onwards.  However, 
in the compaction case the chamber wall pressure rises in the upstream region as well, which is 
due to the resin backflow.  Also the centerline pressure does not build up immediately after the 
injection slot since the resin penetration is more difficult due to the compacted fiber zone in the 
transverse direction.  The axial pressure at the centerline only starts to build up once the 
complete wetout has been achieved near the chamber exit.  A comparison between the pressures 
along the axial distance for  = 0.50 Pa.s and  = 0.75 Pa.s are shown in Fig. 4-12i for the 
compaction case. The excessive backflow phenomenon and the early wetout for the less viscous 
fluid can easily be observed in Fig. 4-12i for the compaction case. The notable information from 
Fig. 4-12i is that, the final chamber pressure for  = 0.50 Pa.s is considerably higher than that for 
 = 0.75 Pa.s.   
 
4.13  Point C: At Upper Limit Curve of  = 0.75 Pa.s  
Point C (Pinj = 1.86 MPa) is on the upper limit curve of  = 0.75 Pa
.
s., and within the 
operational envelope of  = 0.50 Pa.s. Therefore, complete wetout can be achieved for both  = 
0.50 Pa
.
s and  = 0.75 Pa.s resin viscosities at this injection pressure.  Unlike point A and point 
B, the injection pressure is comparatively higher at point C.  Figure 4-13a illustrates the steady-  
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Fig. 4-12h. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 
0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-12i. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.68,  = 0.50 Pa
.
s and  = 0.75 Pa.s, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
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Fig. 4-13a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass: Point C (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 m, 
U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-13b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point C (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
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Fig. 4-13c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point C (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-13d. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point C (Vfo = 0.68,  = 0.50 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 
MPa, Pref = 1000 Pa). 
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Fig. 4-13e. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point D (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-13f. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point D (Vfo = 0.68,  = 0.50 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
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Fig. 4-13g. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.68,  = 0.50 Pa
.
s and  = 0.75 Pa.s, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 
MPa, Pref = 1000 Pa). 
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state resin flow condition inside the injection chamber for  = 0.75 Pa.s.  When the resin is 
injected through the injection slot, the injection pressure pushes away some fiber from the 
injection chamber wall creating a low fiber region, and thus allowing the resin to flow 
backwards.  This phenomenon is the same as explained for the compaction case at point A and at 
point B except that due to the higher injection pressure at point C, the amount of fibers being 
pushed away from the wall is greater.  Therefore, the fibers are even more compacted in the 
transverse direction which makes the resin penetration comparatively even more difficult.  The 
transverse fiber volume fraction profiles are presented in Fig. 4-13b and the corresponding 
transverse chamber pressure profile are presented in Fig. 4-13c.  However, the higher injection 
pressure is able to penetrate through this compacted region slowly to cause complete wetout just 
before the chamber exit (Fig. 4-13a).  Due to the higher injection pressure, the back flow is also 
more prominent, and in this case, resin is flowing out through the chamber entrance region.   To 
understand the effect of resin viscosity on fiber compaction and complete wetout at high 
injection pressure, the simulated results for  = 0.50 Pa.s are also been presented for point C in 
Fig 4-13d.   
Figure 4-13d shows the steady-state iso-pressure contours at point C for  = 0.50 Pa.s.  In 
contrast to  = 0.75 Pa.s case, wetout is achieved well ahead of the chamber exit region.  This is 
because, the higher injection pressure for the lower viscosity resin will help more in resin 
penetration toward the centerline than compaction because of the lower viscosity of the resin.  
Figure 4-13e represents the fiber volume fraction variation along the transverse direction for  = 
0.50 Pa
.
s.  The lower blips in Fig. 4-13e are not quite as low as in the case of  = 0.75 Pa.s (Fig. 
4-13b).  This signifies that fewer fibers are pushed away from the wall as occurs in the case of  
= 0.75 Pa
.
s. The corresponding transverse chamber pressure distribution is presented in Fig. 4-
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13f.  For the resin viscosity of 0.75 Pa
.
s (Fig. 4-13b), fibers are pushed away from the wall to 
such an extent that it almost results in a near fiber void zone near the wall.  The complete wetout 
region is signified by the constant original fiber volume fraction (Vfo = 0.68) region in Fig.  4-
13e (y/(HD/2)  0.698). 
Figure 4-13g shows the comparison of the injection chamber wall and centerline pressure 
profiles in the axial direction for  = 0.75 Pa.s and  = 0.50 Pa.s.  The wall pressure trends are 
almost the same for both cases; however, due to the fact that complete wetout for  = 0.75 Pa.s 
occurs only near the chamber exit, the centerline pressure starts to increase much further 
downstream for  = 0.75 Pa.s than for  = 0.50 Pa.s.  However, since the low viscosity resin 
results in earlier complete wetout, the centerline pressure  rises well ahead of the exit region for 
 = 0.50 Pa.s. 
 Having discussed the effect of resin viscosity on fiber compaction and complete wetout 
achievement in the injection pultrusion manufacturing process, next the effect of fiber volume 
fraction will be discussed in section C. 
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SECTION C 
This section presents the effects of fiber volume fraction on the fiber reinforcement 
wetout when fiber compaction is taken into account in the resin injection pultrusion process.  The 
results have been simulated for three different cases of original fiber volume fractions: Vfo= 0.64, 
Vfo = 0.68, and Vfo = 0.72 at U = 0.01524 m/s (36 in/min).  The details of how the compaction 
process is actually affected due to original fiber volume fraction, and eventually affecting the 
wetout process, will be explained in this section. 
4.14 Operational Envelope 
Figure 4-14 depicts the comparison between the operational envelopes for the three 
different original fiber volume fractions under study, namely: Vfo = 0.64, Vfo = 0.68, and Vfo = 
0.72 for a resin viscosity of  = 0.75 Pa.s at U = 0.01524 m/s (36 in/min).  The upper and the 
lower limits of the injection pressure necessary to achieve complete wetout at different values of 
Pmax for these three values of fiber volume fraction are summarized in Table 4-4. 
The complete wetout of the fiber reinforcement can be achieved when the injection pressure is 
between the upper and the lower branch of the operational envelope.  When the injection 
pressure is below the lower branch of the operational envelope the resin cannot penetrate 
effectively in the transverse direction; instead it is swept downstream with the fiber velocity 
before it can reach the centerline to cause complete wetout.  When the injection pressure is above 
the upper branch of the operational envelope, the injection pressure gradient is so high that it 
compacts  the  fibers  to  such  an  extent that  the  fiber  reinforcement  becomes  essentially  
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Fig. 4-14. Injection Pressure to Achieve Complete Wetout as a Function of Pmax for a Slot 
Injection Configuration with Fiber Compaction for Polyster Resin/ Glass (U= 0.01524 m/s 
(36 in/min), Vfo = 0.64, Vfo = 0.68, Vfo = 0.72,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.0635 m, 
Pref = 1000 Pa). 
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Table 4-4. Injection Pressure Range Necessary to Achieve Complete Wetout at Different 
Values of Pmax for Different Fiber Volume Fractions. 
 
Vfo=0.64 Vfo=0.68 Vfo=0.72 
Pmax, 
MPa 
Lower Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Pmax, 
MPa 
Lower 
Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Pmax, 
MPa 
Lower Limit 
(Gauge) 
Upper 
Limit 
(Gauge) 
Psi MPa Psi MPa Psi MPa Psi MPa Psi MPa Psi MPa 
2.00 115 0.79 115 0.79 3.55 195 1.34 200 1.38 8.00 180 1.24 545 3.76 
2.60 50 0.34 235 1.62 3.65 145 1.00 250 1.72 7.50 195 1.34 455 3.14 
2.90 45 0.31 245 1.69 3.75 125 0.86 270 1.86 7.00 250 1.72 300 2.07 
3.00 45 0.31 250 1.72 3.85 120 0.83 300 2.07 
     3.50 45 0.31 270 1.86 4.00 105 0.72 340 2.34 
     4.00 45 0.31 270 1.86 4.50 85 0.59 400 2.76 
     5.00 40 0.28 280 1.93 5.50 80 0.55 425 2.93 
     6.00 40 0.28 305 2.10 6.50 75 0.52 405 2.79 
     7.00 40 0.28 290 2.00 7.00 75 0.52 385 2.65 
     7.50 40 0.28 
  
7.50 75 0.52 375 2.59 
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impenetrable.  Hence no complete wetout is achieved in this case as well.  Furthermore, it can be 
deduced from Fig. 4-14 that the lower the original fiber volume fraction the easier it is to achieve 
complete wetout and vice versa. 
This is also characterized in Fig. 4-14 by the lower Pmax value and comparatively lower 
injection pressure required for wetout at the lower fiber volume fraction system.  A lower Pmax 
value also implies that the fibers are more easily compacted.  It can be seen from Table 4-4 as 
well as Fig. 4-14 that, for a fiber volume fraction of Vfo = 0.64, wetout can be achieved even for 
a low Pmax   2.00 MPa.  This means, the low original fiber volume fraction allows easier resin 
penetration and hence no excessive compaction of the fiber reinforcement occurs.  On the 
contrary, the higher original fiber volume fraction such as Vfo = 0.68 and Vfo = 0.72 cannot 
achieve wetout at any injection pressure for Pmax  3.55 MPa.  This is because, a denser fiber 
volume offers more resistance to resin penetration and to achieve complete wetout, thus in this 
case a higher injection pressure becomes necessary.  However, a lower Pmax may allow easier 
compaction, and high injection pressure can create a compacted region in the transverse direction 
where the fibers become essentially impenetrable.  To better understand the phenomenon, 
“three” different points (injection pressures) namely A, B, C in Fig. 4-14 at Pmax = 3.75 MPa 
are chosen for investigation. The value of Pmax = 3.75 MPa is based on the experimental data 
[18] employed to derive the compaction model in Chapter 3 and shown in Fig. 3-4. The points in 
Fig. 4-14 (points A and B) near the lower limit curves are compared with the non-compaction 
case to present an idea how compaction affects the wetout process.  The point C in Fig. 4-14 near 
the upper limit curve is compared for different fiber volume fractions to present an idea about the 
effect of original fiber volume fraction in compaction influences complete wetout achievement.  
Note that wetout for Pmax = 3.75 MPa is possible for a range of injection pressures for Vfo = 
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0.64 (0.25 MPa to 1.86 MPa) and Vfo = 0.68 (0.86 MPa to 1.86 MPa), but wetout is not possible 
for Vfo = 0.72Pa
.
s at any injection pressure.  Now the phenomenon occurring at points A, B and 
C in Fig. 4-14 under investigation will be discussed in detail. 
 
4.15  Point A: Near Lower Limit Curve for Vfo= 0.64, Inside Operational Envelope 
Point A (Pinj = 0.51 MPa)  is within the operational envelope of Vfo = 0.64 but outside the 
operational envelope of  Vfo = 0.68 Pa
.
s.  Therefore, the injection pressure at Point A will result 
in complete wetout of the fiber reinforcement for Vfo = 0.64; whereas, for Vfo = 0.68, this 
injection pressure will not result in complete wetout.  Since, the interest of this research work is 
the complete wetout situation, only the simulated results at point A for V fo = 0.64 will be 
presented and compared with the simulated result from the no-compaction case for point A in 
Fig. 4-14.  Figure 4-15a depicts the steady-state flow front (thick line) and gauge isopressure 
contours (thin lines) for the no-compaction case for polyster resin/glass roving along the center 
xy-plane of the resin injection chamber. When the fiber compaction is not considered the fiber 
volume fraction remains essentially constant everywhere allowing the resin to penetrate easily.  
Therefore, it can be observed from Fig. 4-15a for the no-compaction situation that complete 
wetout has been achieve immediately near the injection slot region without any noticeable 
backflow.  However, when compaction (Fig. 4-15b) is also taken into account, the resin pressure 
pushes the fibers away from the wall creating a lean fiber zone near the wall and a dense fiber 
zone away from the wall in the transverse (y) direction towards the composite center. The resin 
penetration in this case is comparatively more difficult and more complex; thus there is a greater 
chance of backflow due to the less resistance imposed by the lean fiber zone near the wall.  The 
resin also continues to flow in the transverse (y) direction but comparatively slower than the non-  
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Fig. 4-15a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection Configuration Without Compaction: Point A (Vfo = 
0.64,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pinj = 0.51 
MPa, Pref = 1000 Pa). 
 
 
Fig. 4-15b. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point A (Vfo = 0.64,  = 0.75 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.51 
MPa, Pref = 1000 Pa). 
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Fig. 4-15c. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point A (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.51,  MPa, Pref = 1000 Pa). 
 
 
Fig. 4-15d. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point A (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.51 MPa, Pref = 1000 Pa). 
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Fig. 4-15e. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at different Axial Locations (x/LT) (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 
0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.51 MPa, Pref = 1000 Pa). 
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compaction case.  Finally, the injection pressure of 0.51 MPa is able to give complete wetout at 
about the same axial distance as in the non-compaction case but with the resin issuing out of the 
entrance region.  
The variation of the fiber volume fraction in the transverse direction due to compaction is  
depicted in Fig. 4-15c.  It can be clearly seen from Fig. 4-15c that a lean fiber zone occurs near 
the wall and the densest fiber zone occurs at y  0.80.  The variation of the injection chamber 
pressure in the transverse direction is depicted in Fig. 4-15d.  The occurrence of a lean fiber zone 
and dense fiber zone can also be rationalized from this graph. The high pressure gradient 
corresponds to the fiber compaction zone (fiber dense region).  As the injection pressure 
dissipates in the transverse direction, the fiber volume fraction (Fig. 4-15c) gradually levels up to 
the original fiber volume fraction (Vfo = 0.64) and remains essentially unchanged at x/LT  
0.698. 
Further Fig. 4-15e shows the comparison between the axial pressure profiles along the 
centerline and the chamber wall regions for the compaction and no-compaction cases.  In the no-
compaction case, there is essentially no pressure rise inside the injection chamber upto the 
injection slot region.  At the injection slot, the pressure peaks up due to the resin injection 
pressure. The resin injection pressure remains constant across the injection slot. After the 
injection slot region the centerline pressure starts to build up rapidly as the resin penetrates 
through the fibers easily.  Wetout is achieved immediately (point where centerline pressure rises) 
near the injection slot region.  At this point, the chamber wall and the centerline pressure levels 
up to the same value and remains in concert throughout the downstream region.  The pressure 
decreases slowly in x-direction as the resin-fiber system moves downstream.  In the compaction 
case, the chamber wall and centerline pressures behave differently. It can be seen from Fig. 4-
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15e that the chamber wall pressure exists even at the entrance region; this is because of the resin 
backflow.  However, the centerline pressure does not rise until past the injection slot region.  
Beyond the injection slot region the centerline pressure increases rapidly due to resin penetration 
(just like the no-compaction case) until complete wetout of the fibers is achieved.  At this point 
the centerline pressure levels up with the chamber wall pressure; both pressures remain equal 
once wetout is achieved. 
 
4.16  Point B: At Lower Limit Curve of Vfo = 0.68 
Point B (Pinj = 0.87 MPa) is at the lower curve limit for Vfo = 0.68 and within the 
operational envelope of  Vfo = 0.64.  Thus, this injection pressure will result in complete wetout 
for both Vfo = 0.64 and Vfo = 0.68.  The simulated steady-state resin flow fronts for the no-
compaction and the compaction cases for Vfo = 0.68 are illustrated in Fig. 4-16a and 4-16b 
respectively.  The explanation to the phenomenon occurring at point B for the compaction as 
well as the no-compaction cases for Vfo = 0.68 is similar to that of point A.  Since this section 
focuses on the effects of the original fiber volume fraction in the resin injection pultrusion 
process, a comparison with the lower fiber volume fraction case (Vfo = 0.64) is presented for 
point B.   
When the original fiber volume fraction is 0.68 (Fig 4-16b), then complete wetout is 
achieved considerably downstream, almost near the injection chamber exit.  Also, it is to be 
noted that the injection pressure at point B (Pinj=0.87 MPa) is the lower limit of the injection 
pressure required to achieve complete wetout for Vfo = 0.68. Any injection pressure below this 
value will not result in complete wetout for Vfo = 0.68.  It can be observed from Fig 4-16b that 
there is some backflow near the injection slot region. This backflow can also be explained from  
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Fig. 4-16a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection Configuration Without Compaction : Point B ( Vfo = 
0.68,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pinj = 0.87 
MPa, Pref = 1000 Pa). 
 
 
Fig. 4-16b. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point B (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
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Fig. 4-16c. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point B ( Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-16d. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point B (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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the fiber volume fraction variation shown in Fig. 4-16c; the lower and upper peaks in the local 
fiber volume fraction curve correspond to the lean and dense fiber regions created near the wall 
respectively.  Since the dense fiber region offers higher resistance to the resin flow in the 
transverse (y) direction, the resin starts flowing backwards (upstream) through this lean fiber 
region.  However, the resin injection pressure is not so high enough to cause the resin to flow out 
from the entrance region.  For Vfo = 0.64, the injection pressure (Pinj = 0.87 MPa) is well inside 
the operational envelope (Fig. 4-14).  This is because of the fact that Vfo = 0.64 offers less 
resistance to resin flow; hence, the resin at a lower injection pressure can easily penetrate 
through the fibers and wetout is achieved considerably earlier (Fig 4-16e).  Also due to the ease 
in resin penetration, fiber compaction of the low fiber volume fraction reinforcement is less 
prominent.  The variation of local fiber volume fraction for  Vfo = 0.64 is represented in Fig. 4-
16f and the corresponding pressure variations are shown in Fig. 4-16g.  When a comparison is 
made between the local fiber volume fraction graphs, Fig. 4-16f and Fig. 4-16c, it can be 
observed that, for Vfo = 0.64, the fibers are not as much pushed away from the wall as in the case 
of Vfo = 0.68.  However, as Vfo = 0.64 is already lean, even a comparatively lower compaction 
phenomenon or pushing away of fibers from the wall can result in excessive backflow through 
the entrance region.   
Figure 4-16h shows a comparison between the chamber wall and centerline pressure for 
Vfo = 0.68 at Point B in Fig. 4-14.  Similar to point A, the pressure inside the chamber remains 
essentially zero upto the injection slot region.  At the injection slot location the pressure peaks up 
due to the resin injection pressure. The pressure remains constant across the slot and then it starts 
to decreases as the resin penetrates through the fiber reinforcement and reaches the centerline 
pressure.  The wetout is achieved immediately and at this point where the centerline and the wall  
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Fig. 4-16e.  Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection: Point B (Vfo = 0.64,  = 0.75 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
 
 
Fig. 4-16f. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different x-
Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point B ( Vfo = 0.64,  = 0.75 Pa.s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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Fig. 4-16g. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point B (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-16h. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 
0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 MPa, Pref = 1000 Pa). 
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Fig. 4-16i. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.64, Vfo = 0.68,  = 0.75 Pa.s, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 0.87 
MPa, Pref = 1000 Pa). 
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pressures become at the same value.  Both the pressures drop gradually as the resin-fiber system 
moves downstream.  
In the compaction case (Fig. 4-16i), the wall pressure is observed in the upstream region 
(before injection slot) because of resin backflow. For Vfo = 0.68 at Pinj = 0.87, there is some resin  
backflow, but not enough to exude out from the entrance region.  The chamber wall pressure 
curve clearly depicts greater backflow in Fig. 4-16i for Vfo = 0.64.  The drop in chamber wall 
pressure (Fig. 4-16i) after the injection slot region signifies the resin penetration through the 
fibers. Once complete wetout is achieved, the centerline pressure rises rapidly.  However, in Fig. 
4-16i the chamber wall and centerline pressure do not become equal before the exit; thus, unlike 
the no-compaction case, a pressure difference prevails between the chamber wall and centerline 
pressures of the pultruded composite.  
4.17  Point C: On Upper Limit Curve of Vfo=0.68  
Point C (Pinj = 1.86 MPa) in Fig. 4-14 is on the upper limit curve of Vfo = 0.68 and just 
barely within the operational envelope of Vfo = 0.64. Therefore, complete wetout can be achieved 
for both Vfo = 0.64 and Vfo = 0.68 at this injection pressure.  The injection pressure at point C is 
the highest amongst the points under study in Fig. 4-14.  The high injection pressure causes more 
compaction of the fibers.  Thus, the fibers are more pushed away from the wall and the dense 
region in the transverse direction is even denser than for points A and B.  There is obviously a 
greater chance of backflow since there is more resin flow resistance in the transverse direction 
and lower resin flow resistance near the wall region. In this case, the resin is excessively (Fig. 4-
17a) exuding out from the entrance region.  However, the resin pressure is high enough to slowly 
penetrate through the dense fiber region, and   gradually it reaches the centerline to result in 
complete wetout just before the exit region.  The compaction phenomenon and the fiber volume  
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Fig. 4-17a. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass: Point C (Vfo = 0.68,  = 0.75 Pa
.
s, LT = 0.3m, HD = 0.00318 m, WD = 0.00635 m, 
U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-17b. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point C (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
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Fig. 4-17c. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point C (Vfo = 0.68,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-17d. Resin Flow Front Profile and Gauge Isopressure (P/Patm) Contours for Polyster 
Resin/ Glass Roving and Slot Injection : Point C (Vfo = 0.64,  = 0.75 Pa
.
s, LT = 0.3m, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 
MPa, Pref = 1000 Pa). 
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Fig. 4-17e. Variation of Fiber Volume Fraction in y-Direction Corresponding to Different 
x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot Injection : 
Point C (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 
in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
 
 
Fig. 4-17f. Variation of Injection Chamber Pressure in y-Direction Corresponding to 
Different x-Locations of the Injection Chamber for Polyster Resin/ Glass Roving and Slot 
Injection : Point C (Vfo = 0.64,  = 0.75 Pa
.
s, HD = 0.00318 m, WD = 0.00635 m, U = 0.01524 
m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 MPa, Pref = 1000 Pa). 
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Fig. 4-17g. Comparison of the Centerline and the Chamber Wall Axial Pressure (Gauge) 
Profiles at Different Axial Locations (x/LT) (Vfo = 0.64 and Vfo=0.68,  = 0.75 Pa.s, HD = 
0.00318 m, WD = 0.00635 m, U = 0.01524 m/s (36 in/min), Pmax = 3.75 MPa, Pinj = 1.86 
MPa, Pref = 1000 Pa). 
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fraction distribution within the injection chamber are depicted in Fig. 4-17b.  The corresponding 
pressure inside the injection chamber is depicted in Fig. 4-17c.  
Since this section is focused on the effects of original fiber volume fraction in 
compaction and wetout process, a comparison with the simulated results for Vfo = 0.64 will also  
be presented for point C.  Figure 4-17d shows the steady-state iso-pressure contours at point C 
for Vfo = 0.64.  Unlike the Vfo = 0.68 case, wetout is achieved well ahead of the exit region for 
Vfo = 0.64.  This is because the resin penetration for lower fiber fraction is easier. Since the 
sparser fibers offer less resistance to the resin penetration, the compaction is not as prominent as 
in the dense fiber situation. Note that the lower blips in Fig. 4-17e (for Vfo = 0.64) are not as low 
as in Fig. 4-17b (Vfo = 0.68)The compaction occurring in the wall region pushes the fiber away 
from the wall which additionally facilitates the resin backflow. Thus, for Vfo = 0.64 (Fig. 4-17d) 
the backflow is excessive and the liquid resin is exuding out through the entrance region.  
Figure. 4-17g presents a comparison between the centerline and chamber wall pressures 
for Vfo = 0.64 and Vfo = 0.68 at point C in Fig. 4-14. The wall pressure curves look similar in the 
back flow regions for both the cases. However, after the injection slot, the pressure drop is 
greater for Vfo = 0.68 as compared to Vfo= 0.64.  The centerline pressure curve location manifests 
that wetout is achieve considerably ahead of the exit region for Vfo = 0.64. The higher final 
chamber pressure for Vfo = 0.64 attests the rationalization that complete wetout is achieved more 
easily since the original fiber volume fraction (Vfo = 0.64) is lower. 
Having discussed the operational envelopes, effects of resin viscosity, and effects of fiber 
volume fraction in compaction and wetout phenomenon in resin injection pultrusion process, the 
results section concludes here.  The summary of all the key findings is presented next in the 
conclusion chapter. 
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CHAPTER 5 
CONCLUSIONS 
In this study, the finite volume numerical technique was employed to simulate the resin 
flow through the fiber reinforcement in resin injection pultrusion process.  Unlike previous 
works, this study is basically focused on the compaction phenomenon in the fiber reinforcement 
due to resin injection pressure in the pultrusion manufacturing process.  The simulated results are 
presented for the glass fiber (rovings)/polyester resin system for a non-tapered resin injection 
chamber at a pull speed of 0.01524 m/s (36 in/min).  The resin flow through the injection 
chamber has been simulated using Darcy‟s law for fluid flow through porous media.  The 
compaction phenomenon is modeled using a curve fit expression to the experimental data in Ref. 
[18].  The result obtained from the curve fit expression was in close agreement with the 
Gutowski‟s compaction model [16] as well as the actual experimental data [18]. Also, it was 
found that, a Pmax value of 3.75 MPa yielded good approximation data with simplified 
compaction model for a variety of fiber reinforcements (more curve fits for other fiber 
reinforcements are included in Appendix B). Therefore, the results were analyzed at a Pmax = 
3.75 Mpa.  
The results presented in this study can be useful to predict the impact of compaction in 
the wetout achievement and thus the quality of the final product.  It will also provide guidance to 
determine the working ranges of injection pressures to achieve complete wetout for various 
processing parameters when compaction is taken into account. The major advantage of taking 
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compaction into consideration in modeling is that the results are more realistic and it can provide 
more accurate guidance on the controlling parameter to achieve better results. 
They key conclusions of this study are summarized now: 
 The findings from section A of the results showed that complete wetout could be 
achieved in the resin injection pultrusion process only for a range of injection pressure at 
a particular Pmax value. The range of the values is governed by the upper and lower 
branches of the operational envelope. It was also found for a particular value of resin 
viscosity (), original fiber volume fraction (Vfo) and pull speed (U), that wetout could be 
achieved only above a certain value of Pmax. It was observed that as the pull speed was 
made higher the wetout achievement became more difficult which was characterized by a 
higher Pmax and higher injection pressure values.  It was also noticed that when the 
injection pressure was inside the operational envelope but near the upper branch, the 
complete wetout was accompanied by excessive resin backflow issuing out of the 
entrance region of the injection chamber. On the other hand, the injection pressures inside 
the operational envelope near the lower branch resulted in complete wetout but required 
more time to reach steady state.  Therefore, it is desirable to select the injection pressure 
in such a way that it is high enough to cause complete wetout faster, but not so high that 
it results in excessive back flow. 
To better understand the compaction phenomenon and its effect on complete wetout for 
different characteristic materials, results were simulated for varying viscosities and varying fiber 
volume fraction separately. Section B explored the effects of varying viscosities and section C 
explored the effects of varying fiber volume fraction. 
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 The results from section B (varying viscosities) showed that the wetout achievement 
becomes more difficult as the resin viscosity increases. The reason behind this is viscous 
fluid offer more resistance to flow compared to the less viscous one. Thus lower viscosity 
resin requires a lower injection pressure and a lower Pmax value to achieve complete 
wetout. It was also noted that the degree of fiber compaction was higher at higher 
viscosity resins and the magnitude of backflow was higher for lower viscosity resins. 
Therefore, the resin viscosity should range such that it is not too viscous to resist flow 
and cause compaction to such an extent that very high pressure or Pmax value is required 
for fiber penetration.  Also, the resin should not have a very low viscosity that even a low 
pressure will result in resin backflow.  However, it is desirable to have the resin viscosity 
on the lower side rather than on the higher side, so that easy wetout can be achieved with 
a comfortable injection pressure and Pmax value. 
 The results from section C (varying fiber volume fraction) showed that the wetout 
achievement was comparatively difficult at high fiber volume fractions. This seemed 
quite obvious as it is evident that greater fiber volume will hinder easy resin penetration; 
thus high injection pressure and Pmax becomes necessary. Also, more compaction is 
likely to occur at high fiber volume fractions since the resin will rather tend to push the 
dense fibers reinforcement away from the chamber wall than penetrate through it.  It was 
also observed that for the lower fiber volume fraction system, the complete wetout was 
achieved considerably earlier as the resin would easily penetrate through the fibers. 
However, excessive backflow would result with the low fiber volume fraction and it is 
worth noting that all of the simulated results for the lower fiber volume fraction (Vfo = 
0.64) system resulted in resin backflow issuing out of the entrance region. Additionally, 
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low fiber volume fractions might result in a mechanically weak pultruded composite. 
Therefore, a fiber volume fraction is desired such that even after compaction there is 
enough space between the fibers for the resin to penetrate through, and thus cause 
complete wetout and give good quality pultruded product. 
This study basically focused on the processing parameters; hence, the effect of geometric 
parameters on the compaction phenomenon and wetout process is yet to be explored. 
Nevertheless, since no researches have been done on the compaction phenomenon in pultrusion 
process the results presented here are hoped to provide useful guidance to improve the 
productivity as well as quality of resin injection pultrusion manufacturing. 
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Derivation of Equation 3-34a 
For the simplification of the problem, the experimental data in Ref. [18] when plotted in a 
semilog graph (logarithmic x-axis) was assumed to be approximately linear/ straight line (Fig. A-
1).   
 
 
 
 
    
 
 
Fig. A-1 Approximate Semi-Log Plot of Pressure Vs Fiber Volume Fraction 
 
The equation of a straight line can be represented as y = mx +b, where m is the slope of the line 
and b is the y intercept.   
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APPENDIX B: RELATION BETWEEN LOCAL FIBER VOLUME FRACTION AND 
PRESSURE DIFFERENCE FOR DIFFERENT FIBERS 
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Fig. A-2 Relation Between Local Fiber Volume Fraction Vf (x, y) and ∆P (y)/Pref  (∆Pmax= 
3.75 MPa, Pref = 1000 Pa, Vfmax = 0.667, Vfo = 0.077).   
 
 
Fig. A-3 Relation Between Local Fiber Volume Fraction Vf (x,y) and ∆P (y)/Pref  (∆Pmax= 
3.75 MPa, Pref = 1000 Pa, Vfmax = 0.688, Vfo = 0.056).   
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Fig. A-4 Relation Between Local Fiber Volume Fraction Vf (x, y) and ∆P (y)/Pref  (∆Pmax= 
3.75 MPa, Pref = 1000 Pa, Vfmax = 0.799, Vfo = 0.222). 
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APPENDIX C: OPERATIONAL ENVELOPE FOR PULL SPEED OF 60 IN/MIN 
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Table A-1. Injection Pressure Range Necessary to Achieve Complete Wetout for Different 
Values of Pmax at U =0.0254 m/s (60 in/min). 
Pmax (MPa) 
Injection Pressure Range Required to Achieve Complete 
Wetout (Gauge) 
Lower Limit, MPa (Psi) Upper Limit, MPa (Psi) 
6.5 2.04 (295) 2.14 (310) 
6.55 1.82 (265) 2.21 (320) 
6.6 1.65 (240) 2.34 (340) 
6.65 1.55 (225) 2.38 (345) 
6.7 1.51 (220) 2.58 (375) 
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Fig A-5. Injection Pressure as a Function of Pmax for a Slot Injection Configuration with 
Fiber Compaction (CR = 1.0, U= 0.0254 m/s (60 in/min), Vfo = 0.68,  = 0.75 Pa.s, HD = 
0.00318 m, Pref = 1000 Pa). 
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